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Argumente pentru studiul
electromagnetismulul
* Aplicatii tehnologice
» Element esential/central al stiintei fizicii si
al stiintei
* Important pentru intelegerea unor
fenomenelor naturale

* Important pentru intelegerea chimiei i
biologieli
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Traditie (de ce la IASI ?)

* Dragomir HURMUZESCU
« Stefan PROCOPIU
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Dragomir HURMUZESCU

Dragomir Hurmuzescu (13 martie 1865 - 731 mai1 1954), fizician. inventator. profesor
la Universitatea din Iasi, membru al Academiei Romane este fondatorul invatamantului
electrotehnic din Romania si colaborator al sotilor Curie. A avut contributii in domeniile
electricitatii si fizicii razelor X. A construit electroscopul care-1 poartd numele. A pus
bazele primului laborator de electricitate din tara, transformat apoi in Scoala de
Electricitate de pe langd Universitatea din Iasi prima scoald de fizicd experimentald. A
fost ctitor al radiofoniei roménesti. In 1922, sub conducerea sa. a inceput si functioneze
Societatea Romana de Radiodifuziune (Societatea de Difuziune Radiotelefonica din
Romania). care la 1 noiembrie 1928 difuza in eter prima emisiune cu anuntul: Alo, alo,
aici Radio Bucuresti. urmat de discursul presedintelui Societatii, Dragomir Hurmuzescu.
Este momentul ce inaugura. practic, postul national de radio din Romania.
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Stefan PROCOPIU

Atefan Procopin was born in Barlad, on 19 Janwary 1290, Procopin dedicated himself to science and research from the time he was still a
student. The first rematkable results of his research were published in 1913, in Bulletin scientifique de I’Académie roumaitie de scienices,
withiny the famous paper Determining the Molecular Magnetic Moment by M. Planck’s Quantum Theory, After studying Planck’s
guatitin theoty and Langewin’s magnetizm theory, Procopiu was the first to establish in the whole world the walue of the molecular
magnetic moment alzo named the theotretic magnetorn, M. It is recogrized that Stefan Procopiu caleulated the walue of the theoretic
magneton two years before Prof. & Boht of Denmatk. In the Fomandan specialized literature, this discovety 1s knowty as the Bobi-
Procopiu magneton. Procopdu published 1913 the paper Expetimental Research on Wireless Telegraphy, while in 1916 he invented a
dewvice for locating and establishing the depth of bullets in the bodies of the wounded. Froml1219 in Paris, he attended the courses of
fammous scientists of the epoch, such as Gabriel Lippmian, Marie Curie, Paul Langewin, Avymé Cotton, In 1921, Procopiu discovered and
analyzed i the Physics Laboratory of Borbonne University a new optical phenometion which consisted in the longitadinal
depolarization of light by suspensions and colloids. In 1930, the above phenomenon was designated as Procopia Phenomenon by prof.
&, Boutaric. On 5 arch 1924, Procopiu obtained the title of doctor in pharsics with the wotrk On The Electric Brefiingence of
Huspensions, sustained in fint of a comtrdssion including coordinator prof Asmé Cottory, and cross-exatiners Charles Fabry and H.
Ilouton. Another important discovery, resulting from prof. Procopin’s research, is the electromotive force of galvanic elements. In the
field of ferromagnetizm, he undertook numerous studies whose results were published in many specialized magazines in Romania atd
abroad. Thus, in 1930, studying the Batkhausen effect, which consists in transferring alternative current through wires of ferromagnetic
taterial he discovered a circular effect of magnetic discontinuity. In 1951, this effect was named Procopiu Effect. & significant technical
application of this effect was achieved by the American physicist Roman Storsk in creating caleulation devices. Back in Fomatda in 1925,
with an unguestionable scientific renown in the field of physics, on 15 JTamsary Procopiu was appointed a professor in ordinary of the
Gravitation, Heat and Electricity Department of “AlL 1. Cuza®™ University of lasi, department which he coordinated until 1962, the year of
his retiremernt.
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Magnetonul Bohr
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sitat des Stromes klein. Nach afterem  Gebrauch dersel-
ben Kathode wverliert das Calcinm-oxyd die weisse Farbe
und nimmt eine gelblichbraune an, ohne aber an Wirk-
samlkeit zu verlieren.

b) Als Anode benutzte ich ecinen mit Glas umgebenen
eisernen Fingerhut.

&) Den Anodenfall habe ich mit Hilfe ciner Sonde ge-
messen. Diese Sonde war. folgendermassen konstruiert. in
Platindraht war mit eincm Kupferdraht verlotet und das
freic Ende des Kupferdrahtes an ein Slackchen Eisen ge-
lotet. An das andere Eisencnde habe ich einen Lamet-
tefaden befestigt und diesen durch einen angeloteten Kup-
ferdraht, der mit Siegellack angekitter war. Der Platin-
und Kupferdraht waren mit einem Glasrohr bedeckt, wom
Platindraht blieb ungefihr 1 mm frei. Mit Hille ecines
Schliffes konnte man die Sonde so einsctzen, dass sie
tiber der Anode in der Hohe wvon 2—3 mm lag. Die
Sonde war mit der Nadel eines Quadrantelektrometers
verbunden. Das Elektrometer war inidiostatischer Schaltong.

d) Die erzeugte Temperatur, um die Mztalle schmelzen
und verdampfen zu konnen, habe ich mit Hilfe eines Ther-
moelementes gomessen [_[’Ia.tin—[‘l:ﬂ.irl u. Rhodiam, 10%, Rh).

c) Den Druck habe ich wor und nach jedem Versuch
mit Hilfe eines Mac-Leod Manometers gemessen.

d) Die Zeit, wie lange Ger Versach dauecrte, habe ich
mit IHHilfe eine: Stoppuhr gemessen, die bis 1/5 Sekunde
anzeigte.

Die erhaltenen Resultate kann man in die folgende Ta-
belle zusammenfassen:

A L d mm Hg.
Oueecksilber . . - 7.#.8cal 67,66 cal. =2.ro™*
Cadmitmg « - « - 2220 4 1810 @ =
Finl .« 4 - - = FFDT » 65,8 w »
Magnesium . . . 20370 , FIFOO0C -
I s, .- - - IFFaF = IS, = -

USCELEANU 3
EANU, BESTIM. D. VERDAMPFUNGSWARME D. METALLE

L1
IYe Formel von Troubton i i
I i : ist aul die Richtighkei
priift. Die erhaltenen Werte fiir Quecksilber, Z:n'f uﬂtC.'gl-E-

mium sind zwischen 19—2 i T i
e T = 23, for Wismuth und Magne-

PHYSIQUE, — i i
,’f;;;—u ST. _Pnn_r.nr-zu. Lrdtermminalion adw wmsoment wiags
- e ritof:cr:farr-e par la théiorie des guanfa o i:{
Yanck. Note présentée par M. HeriTES s
du 31 janwvier 1913. _

1. FF. b= col i
cnnsi;ii}ia;;i;gré:éigighq‘-le ]c_:s spectres de raies (1) par la
oo it ctrons qui r:_.l:(ﬂl[ent dans un champ mag-
s i L_‘ga'-u{au‘:f:t;auesstun Ldlcdpﬁtirs aimants, disposés

T by x et identi s
corps. Ces aimants élémentaires surn'llzr:slnj:ﬁglspﬁ’o:}fr" to:l: "‘5
point, correspondent an T
magnétonde 2. Heiss,
quantité élémentaire de
magnédétisme, ou platot
un sous-multiple com-
mun de tous les mo-
ments magnétiques mo-
léculaires connus.

En rapprochant ces
essais de iz et de
f‘i’e:ss, de I'explica-
tion du magnétisme de
Langevin, on peut s'im-
maginer ces magnetons,
comme des électrons
qui tournment autour de

dans la séance

"y, L.l !
B b T T W

Ia m{:!ec‘.n[c, comme la o, mi,, ', ete, les magndtons; M le
berre antors - dn i soiell moment résaltant ; &, Mangle de E avec M-
e

f=
B | S ri L=
PPOsSONs une st e d[_‘. cEes magn -_t()nS. mais pﬂ.f{ll'

(1) Anwalen der Phesik, 25, p. 660, 1908
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Pierre WEISS

Pierre-Ernaest Weaiss

French physicist who investigated magnetism and determined the Weiss
magneton unit of mMmagnetic Mmoment.

Weiss gcraduated (1887) at the head of his class from the Flurich Polytechnikum
writh a degree in mechanical engineering and wvras admitted to the Ecole
HMormale Superieure in Paris in 1888. He vras named maitre de conferences at
the University of Rennes in 1895 and at the University of Lyvons in 1899, In 1902
he became professor at the Zurich Polytechnikum, where Albert Einstein wvwas a
colleague. There he developed a great laboratory for magnetic research that
attracted a number of well-knowven physicists. Assigned to the French Office of
Inventions during World War 1, he helped devise the Cotton-Weiss acoustical
method of fixing enemy artillery positions. In 1919 he established a physics
imnstitute at the University of Strasbourg (France) that became a leading centre
of magnetic research. He wvras elected to membership in the Paris Acadenry in
192 6.

Weiss's chief vwork vwas on ferromagnetism. Hypothesizing a molecular
magnetic field acting on individual atomic magnetic moments, he was able to
construct mathematical descriptions of ferromagnetic behaviour, including an
explanation of such magnetocaloric phenomena as the Curie point. His theory
succeeded also in predicting a discontinuity in the specific heat of a
ferromagnetic substance at the Curie point and suggested that spontaneous
magnetization could occcur in such Mmaterials; the latter phenomenon vras later
found to occur in very small regions knowven as Weiss domains. His major
published vwork wvas Le magnetisme (with G. Foex, 1926).
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172 LE MAGNETISME

que la théorie des quanta donne le moment élémentaire :
i e
L ™
otl i est la donstante de Planck ; :1, le rapport de la charge
4 la masse de I’électron.
Soit A le nombre d’Avogadro ; le moment élémentaire
rapporté a I’atome-gramme est :

h e
e PANEEE g 51
i Al’m‘r m )

Gqugﬁ_@gg@ﬂé{ér{lggtaire est celui qui s’introduit par la
construction de Tatome d’aprés Bohr. Nous I’appellerons
le magnéton de Bohr. S
En adoptant les valeurs des « International physical
Tables »
A = 6,061 X 10%,
= 6,556 3¢ 40—,

Z = 5,305 X 107 u.e.s.

: e = 2,9986 x 10,
on trouve :
p = 5592,7
pour le magnéton de Bohr. La cinquiéme partie, 1118,5,
n’est que de 6,7 p. 1000 plus petite que le magnéton expé-

rimental, 1126.

Il n’est pas impossible que celui-ci soit exactement la
cinquitme partie du ‘magnéton de Bohr. Cependant,
étant donnée la précision avec laquelle tous les éléments
de la comparaison sont connus, la différence de 6,7 p. 1000
parait déja un peu forte.

La détermination des moments atomiques. — On uti-
lise suivant les cas deux procédés différents pour déter-
miner les moments atomiques. Lorsque la substance est
ferromagnétique, on déduit la valeur du moment de l'in-

LES MOMENTS ATOMIQUES i’

tensité de 'aimantation spécifique o mesurée a une tel
pérature trés basse et dans un champ trés élevé. Des e
trapolations faibles et trés slires vers H = =ocet T=
donnent la saturation absolue et, en multipliant par
masse atomique, le moment atomigue.

Pour les paramagnétiques, le calcul du moment se {
a partir de la constante de Curie.

La théorte de Langevin conduit, comme nous 1’ave
vu p. 51, & la relation (18) :

=, = V/3RCm
entre le moment de Patome-gramme Zo et la consta
de Curie. m désigne la molécule magnétigue, c’es
dire la quantité de matiére a laquelle se trouve
rigidement un aimant -élémentaire subissant de fa
indépendante la répartition statistique *.

Mais la théorie de Langevin n’est pas la seule °
sible ; deux conceptions se trouveni en presence, !
des orbites électroniques dont les plans occupent
nombre limité d’orientations délerminées par les r¢
de quantification (p. 204) et celle de la continuit
l"orientation des moments atomiques dans lespace (!
gevin). La premieére de ces hypothéses a regu une co
mation importante par les expériences de Geerlac
Stern (chapitre XV) sur I’aimantation de divers me
5 I’6tat de gaz monoatomigues.

A propos du calcul du moment de l'oxygene 2
en maintenant en principe la quantification des ©
tations des orbites, cette théorie a été modifiée er
mettant que la direction privilégiee par rapport & lac
se fait la quantification est entrainée avec la mol
dans D’agitation thermique®. On arrive ainsi & com

i. Voir note p. 47.
2. Pierre WHEIsS, Journal de Physigue, +. 4 (1923), p. 158.
3. Cette idée est due & Ed. Bauer. '



Activitati didactice

» Curs 3 ore pe saptamana
» Laborator 2 ore pe saptamana
* Seminar 2 ore pe saptamana

prof.dr. Alexandru STANCU 2009
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Tematica abordata

Electrostatica; sarcini si campuri
Potential electric

Campul electric in jurul conductorilor
Curenti electrici

Campul purtatorilor de sarcina in miscare

prof.dr. Alexandru STANCU 2009
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Tematica abordata

Campul magnetic

Inductia electromagnetica si ecuatiile lui
Maxwell

Circuite de curent alternativ
Campuri electrice in substanta
Campuri magnetice in substanta

prof.dr. Alexandru STANCU 2009
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Bibliografie recomandata

1. Electricitate si magnetism, Edward M. Purcell, Cursul
de fizica BERKELEY, vol. |l, Ed. Didactica si
Pedagogica, Bucuresti, 1982.

2. Orice alt curs de electricitate si magnetism
3. Orice culegere de probleme
4. Pagina web a Departamentului de Fizica

http://stoner.phys.uaic.ro cursuri
Enrollment key: EM
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Materiale de studiu
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Bibliografie (electromagnetism)

Cursul de la Berkeley (vol. 1)

— Electricitate si magnetism

— E.M.Purcell

Lectures on Physics (vol. Il)

— R.P. Feynman
Electrodinamica mediilor continue
— L.D. Landau si E.M. Lifgit
Bazele teoriei electricitatii

— |L.LE. Tamm

prof.dr. Alexandru STANCU 2009
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Nota

50% ... activitatea la seminar s1 laborator (mid-term)

50% ... examen final

teza ... 20 probleme/intrebari

oral ... teorie/aplicatii

prof.dr. Alexandru STANCU 2009
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Electrostatica: sarcini S
campuri

— Sarcina electrica

— Conservarea sarcini

— Legea lui Coulomb

— Energia unui sistem de purtatori de sarcini
— Campul electric

— Distributii de sarcina

— Flux

— Legea lui Gauss

— Aplicatii

prof.dr. Alexandru STANCU 2009
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Sarcina electrica

* Observatii empirice (forta electrica/forta magnetica)

 Thales din Milet in urma cu 2500 de ani (electrizarea
corpurilor prin frecare)

* China antica in urma cu 5000 de ani (magnetii naturali)

Platon (in urma cu 2400 de ani)

“Piatra pe care Euripide a numit-o magnetica si care este numita in mod obisnuit
a lui Hercule (...) nu atrage numai inelele de fier; ea comunica inelelor o forta
care le da puterea ce-i apartine insasi pietrei, aceea de a atrage alte inele, astfel
ca se vede uneori un foarte lung lant de inele de fier care atarna unul de altul.
Si forta lor a tuturor depinde de aceasta piatra.”

prof.dr. Alexandru STANCU 2009 20



Din observatii empirice ...

» Exista doua tipuri de sarcina electrica
(pozitiva si negativa)

e« Sarcina se conserva

e Sarcina se cuantifica

Intr-un sistem izolat, sarcina electrica totala, adica suma

algebrica a sarcinilor pozitive si negative, se conserva.

Exemplu:

foton — electron + pozitron

prof.dr. Alexandru STANCU 2009
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Cuantificarea sarcinii electrice

Experienta lui Millikan

Robert A. Millikan
(Nobel Prize for Physics 1923 )

""""" al

alte valtaje

aeelte 0o in
R A e
R AN Tube de rayeg-X \\
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Experimentul lui Millikan
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Legea lui Coulomb

* Charles Auguste de Coulomb

— Nascut la 14 iulie 1736, Franta
— 1785, interactiunea dintre mici sfere incarcate electric (balanta de torsiune)

— Prima lege cantitativa in domeniul electricitatii

Coulpmio's Torsion Balance

prof.dr. Alexandru STANCU 2009 24



Torsion Rod

—

. Heural Counter
S O rl C Balance Known Charge
& 9

. Utilizand o balants de p—
torsiune, Coulomb a "-'
demonstrat in mod
direct ca doua sarcini
interactioneaza cu o
forta ce variaza invers
proportional cu patratul
distantei dintre ele.




—

F12

Forta CGUbQYTbRQ s

F ., =kqQ R in Sistemul International
2 R3 k=— o —8.8544187818-10 " F/m
12 4,

Film Legea lui Coulomb

in starea de echilibru mecanic a
sistemului din figura se poate
determina forta care actioneaza
asupra sarcinii q.
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Principiul superpozitiel

Sarcinile “1”, “2” si “3”
actioneaza asupra sarcinii
de proba q prin rezultanta
fortelor cu care ar actiona
fiecare din ele separat
asupra acesteia.

(1)

) ® prof.dr. Alexandru STANCU 2009



Film Lucrul mecanic si energia

Potentialul electric

—

R:X§+yj+zf<,

dR = dxi + dyj + dzk,

R-dR = xdx + ydy + zdz,

2 2 2 2
R =x"+y " +27,

2RdR = 2xdx + 2ydy + 2zdz, deci

R-dR = RdR

Lab =

B

1 dR Q 1 1
qu 2 o o
4ne, . R 4ne, \ R, R,

prof.dr. Alexandru STANCU 2009
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Diferenta de potential

Potentialul electric se

L, =q,U=-q,(V,—-V,) |determini in mod relativ

U=V, -V,

V_

1 Q

- 4ne, R

nu in mod absolut

Potentialul electric al sarcinii punctiforme intr-un punct
la distanta R se defineste ca fiind o marime scalara,
numeric egala cu lucrul efectuat de fortele electrostatice
pentru a deplasa sarcina unitara de la distanta R
pana la infinit, sau altfel, ca o marime numeric egala
cu lucrul efectuat de fortele exterioare pentru a aduce
sarcina unitara de la infinit la distantfa R. Potentialul
definit in acest fel este numit potential coulombian.
La infinit potentialul coulombian este nul.
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Energia unui sistem de sarcini
electrice punctiforme

qi,Vi2 qQ2, Va1

1

1
W =q,V,, =qV,, = E(qIVIQ + q2v21)

= E(Chvl + qQVQ)

1

W2(

aV,+q,V,+...+q,V,) qu
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Energia unel retele cristaline

Cristalul de clorura de sodiu (N Cl+ ) Cl )

_l N _682 +12€2 B 8e” N
2 4reg, a 2a a

/4

A
o,
g
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Intensitatea campulul electric

—_

roFo
d,

Film Intensitatea campului electric

+— Definitia generala

Campul creat de o

R = sarcina electrica
o= - punctiforma |
Q do ~

E-—o 2

4me, R’
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Linii de camp electric

i j k
ExdR=E, E E, =0 .
dx dy dz dR
dx dy dz
E E E E
< y .

Film Suprafete echipotentiale si linii de camp
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Distributii de sarcina electrica

ap

. A d
p = lim 1_°524
Av—0 AV dv
1 R
E = Py dv
® 4ne, JRgqu a
(©)
1 1
= dv
' 4ng, _[R Paq

prof.dr. Alexandru STANCU 2009
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Relatia dintre camp si potential

dL = q,|

E-dR = —q,dV
E=E,i+E j+EJKk

dR = dxi +dyj + dzk

E-dR=E,dx+E dy +.
qv — ov oV
5):4

.
@R
N

dx + —dy +8_de
oy

Oz
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Relatia

dintre camp si potential

dL = q,E-dR = —q,dV

E.dR =

oV

L dx+E dy +E,dz

oV oV

dV =—dx+—dy +—dz

OX

(7]

_V
x0T oyt oz

oy 0Z
VLW

T

.
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Relatia dintre camp si potential

— _(—i +—] +—ij =—-VV = —gradV

prof.dr. Alexandru STANCU 2009
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Gradientul unei functii scalare

dR = dxi + dyj + dzk

|:|_

prof.dr. Alexandru STANCU 2009
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Suprafete echipotentiale

V =V, = const.

—_— —_—

dv =0 E-dR:O\
E 1 dR

dV = gradV -dR B
gradV 1 dR

E = —gradV

av = ¥ dx +8—de+@—vdz = gradV-dR =0
OX oy 0Z
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Suprafete echipotentiale - linii de
camp

/ )

V =V, = const.

V,=const. < V4

grad V

V4=const.’

E-Ei+E j+BEk=-"i-Y5_ Vg _ yv-_gradv
Y ox 0y Oz
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Campul sarcinii punctuale

Simetria
problemei

Q

P

prof.dr. Alexandru STANCU 2009
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Campul sarcinii punctiforme

dx dy dz
E, E, E,
1 X
E = ,
* 4ne, ? R’
, 1 Y
// E — ,
Y 4ne, < R’
\ 1 Z
\ E —
© 4ng, < R’
dx dy dz
X y v/

prof.dr. Alexandru STANCU 2009
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Coordonate sferice

-

x, =R sin6 coso,

N\

Yy, =R, sin0_sine,

z, = Rp COS GP
1
4re,

\

V =

1
— =V
QR 0

prof.dr. Alexandru STANCU 2009
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Campul sarcinii punctiforme

Inx=lny+C < =K
dx dy dz — { Y 1:{ v

Inx =Inz+C, x =K,z
X y Z
’ linia de camp
x=Koz
S S
X (Xo’ Yo> Zo)
0
K, ==
Yo
X
K, = -0
ZO y

X x=Kyy

prof.dr. Alexandru STANCU 2009
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Fluxul campului electric

prof.dr. Alexandru STANCU 2009
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Relatia flux-linii de camp

_Qe
€, 4T

O

Fluxurile sunt egale prin cele
doua suprafete

Numarul de lini1 de camp care strabat cele
doua suprafete sunt egale

O~ N

liniidecamp

prof.dr. Alexandru STANCU 2009
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.dézgg

€, 4T
Q=4n
o=2

47
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Fluxul

J‘” ds = j— ds =
dre, 80 47t

O=0— d=0

1 2 : 1 2 :
= — . . —
80 ( antenor 2 quprafataj
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Teorema lui Gauss

Fluxul intensitatii campului electric printr-o suprafata inchisa este
egal cu suma sarcinilor interioare suprafetei plus semisuma
sarcinilor de pe suprafata raportate la €,

prof.dr. Alexandru STANCU 2009
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Concluzii

Observam ca fluxul nu depinde de forma suprafetei. Faptul ca el este insa
proportional cu sarcina electrica interioara ne conduce spre interpretarea fluxului
printr-o suprafata ca numar de linii de camp ce trec prin aceasta.

Sa presupunem ca dintr-o sarcina punctuala pozitiva pornesc linii de camp
intr-un numar proportional cu marimea sa. Numarul de linii de camp ce trec
prin suprafata, daca aceasta este inchisa si include sarcina este acelasi
indiferent de forma suprafetei.

Pentru a obtine in aceasta interpretare fluxul nul in cazul sarcinilor exterioare
suprafetei inchise trebuie sa adoptam urmatoarea conventie. Se alege un sens
pozitiv de strabatere al suprafetei - in sensul normalei la suprafata in punctul
respectiv - adica, la numarul de linii de camp ce strabat o suprafata se aduna
numarul de linii de camp ce formeaza cu normala la suprafata unghiuri mai mici
decat 90° si se scade numarul de linii de camp ce formeaza cu normala la suprafata
unghiuri mai mari decdt 90°.
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Concluzii

Daca fluxul este proportional cu numarul de linii de camp ce trec prin suprafata
(respectdnd conventia de mai sus), intensitatea campului electric poate fi
interpretata ca densitate de linii ce trec prin suprafata.

Teorema lui Gauss este o consecinta directa a dependentei de
inversul patratului distantei a fortei electrice (legea lu1 Coulomb).
Utilizand teorema lui Gauss putem demonstra ca in interiorul unei
distributii superficiale sferice intensitatea campului electric este
nula. Daca se verifica experimental acest fapt validam nu numai
teorema lui Gauss ci s1 legea lui Coulomb. De fapt, asemenea
verificari au fost facute cu precizie foarte mare.
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Doua sarcini punctuale

Simetria
problemei

prof.dr. Alexandru STANCU 2009
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Doua sarcini punctuale

: (X = 1COS @
Jy =rsing
z=z

prof.dr. Alexandru STANCU 2009
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2 sarcinl

% Simetrie

y cilindrica

(ax1ald)
do

prof.dr. Alexandru STANCU 2009
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R

Z

2 sarcinl

R:Xp1+ypj+zpk,R=‘R‘
_ - . d) -
R, =xi+y,j+ ZP_E k=r,
~ - - d)-
R, =xi+y,j+ zp+§ k=r,
Vv, +V, = | L b
4rne, (R, R,
L. 1 R
E=E +E, = =+
a b 4Tc0(qaRi dp

prof.dr. Alexandru STANCU 2009
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2 sarcinl

V = ! da -+ D =
47'580 . d 275 . d 275
I‘p + Zp —5 I'p + Zp +§
d., rpﬁr+(zp—éJf< d, rﬁr+(z +éjf<
- 1 2 ’ P2
E = + 3
47’[80 B
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Unghiul solid

S = 21Rh = 2nR” [1 — COoS (9)]

calota sferica

O — Calolt;;ferica _ 27'C|:]. _ COS(O)]

h=R [1-cos(0)] prof.dr. Alexandru STANCU 2009 59



2 sarcinl

o —_9a‘h

€o 41 D = CDa 4 (Db /
o = O
b
e 47'5 eaﬂ
0 Ono 0,
-

Qa:2n[1—cos(n—9a)] o O g, Z
Q, =2n(1-cosb,) U

q,cos0, +q,cosf, =C
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Problema

Fie q, s1 q, doua sarcini electrice punctiforme de semne contrare. Din A
porneste o linie de camp ce formeaza cu dreapta ce uneste sarcinile unghiul 0,.
Sa se calculeze unghiul 0, pe care il va face aceasta linie de camp cu dreapta
AB in punctul B. Sub ce unghi minim 0, pleacd din A o linie de camp care nu
ajunge in B? Ce unghi va face aceasta linie de camp cu axa Oz la infinit?
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Problema

Doua sarcini punctiforme identice de marime q se aflad la distanta 2d.

Cat de mult se va apropia linia de camp ce formeaza la plecarea din sarcina q
unghiul a cu dreapta ce uneste sarcinile pe planul de simetrie (d_. ).

Calculati unghiul dintre linia de camp si planul de simetrie al sistemului
departe de sarcini, in functie de d.

Pentru puncte situate departe de sistem calculati intensitatea campului
electric si potentialul.

A®©,0,d) -f

% ¥

.
B(0,0,-d)|q

prof.dr. Alexandru

¥



Suprafete echipotentiale

o] [t
(2T [eo(ed]T
0= o] = ———



Suprafete echipotentiale

d? n° +1
r§+z§+:+zpd2—120 pentru n # 1
n —

r2+(z —Z )2=r2
p p c 0
2
N 5 T W
2(n2—1) ‘n —1‘

Se observa ca suprafata echipotentiala sferica V,=0
inconjoara sarcina in modul mai mica.

prof.dr. Alexandru STANCU 2009
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Suprafete echipotentiale

z . :d‘HQn_l‘
n® +1
z, =—d >0 daca |n| <1
2(112—1)
0 7,
q
B nj=9 <
d,

prof.dr. Alexandru STANCU 2009
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Distributii continue

*Distributii liniare

*Segment liniar, inel circular
*Distributii superficiale

*Disc, plan, sfera,
*Distributii volumice

oSfera

prof.dr. Alexandru STANCU 2009
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Distributii liniare

Simetrie axiala!

prof.dr. Alexandru STANCU 2009
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Segment

P(z,.1r,)

ACd/2.0) O ng . B(/2.0)

prof.dr. Alexandru STANCU 2009
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d/2
B, 1
B = 47, [(zp - Z)
—d/2
d/2
1 r,Adz

Segment

J‘ -
(az +a2)3/2 a2 /E;z + a2

j gde 1
(iQ + a2)3/2 £* +a’

+C

prof.dr. Alexandru STANCU 2009
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_ T (z—zp) N _ A 4 (;_Z
4re, 2 \/|:(Z_Zp)2+r§:| y 4me | \/Kd_ .
ol by e
i EEIEE

prof.dr. Alexandru STANCU 2009
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Pz

d/2

£dé _ 1 N
Segmgm¢+ a2)3/2 B JE? +a’ ©

d/2

1
4re,

(zp—z)kdz _ N J‘(z—zp)d(z—zp)_
J) [(zp —2) + r;} 3 [(z —z,) + r;}

3/ 4re,

3/2

d/2
) 1 A r ) r
4me 2, 4ne, T 2 2
N JK;) } J{(gj }
J
= 7\’ < rp - rp ;
47[80rp d 2 ) d 2 )
Zy =5 | *h Zot o |+

prof.dr. Alexandru STANCU 2009
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Campul total

 prota. Alexandgy STANCU 2009 72
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Formula simplificata

P(d/2,r,) __d
>

A
- . 4Ey

EpZ = A
4ne,r,
V4
A(-d/2,0) B(d/2,0)
cos(a) = __ sin(a) = d

J& + 12 J&2+ 12
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Formula simplificata

Aoros . A
o= g [sin(a,)+sin(a_)|  Ep= amer, {[1-cos(a_)]~[1-cos(a,)]j =
0"p
A
rI " T | cos(a,)—cos(a_)]

Eyr

o—
)

z
Q)
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Cazul simetri

C

E = 2sin(a
P 4ne,r, ( )
I r
Epr Epz =0
S __ A
a | o o 2me,r,
V4
@)
TU
Fir infinit| ¢ — 5

prof.dr. Alexandru STANCU 2009
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Cazul simetric
(distributie liniara infinita)

my

»
»
»
ﬁ g
»
»
»
»
»

L)

\/

\4
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Cazul simetric
(distributie liniara infinita)

® =2nrLE_ = AL
€0
E = A
‘ ‘ ‘ ‘ ‘ﬂ ‘ ‘ F -
- dr 2me, T
V== s Inr+C
[ 2meg,
\4
2 V = s In 20
r=r,,V=0=C-= Inr, 2me, T
2meg,
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271

A r,do

- 4ne, | R

ap

_ [ 2

A I,

V = A To do = AL 21 =
4ne, R 4ne, R

qp qp
0

prof.dr. Alexandru STANCU 2009
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Calculul campului electric pe
axa inelulul

3/2
28T, (rg + ZQ) 20T,

prof.dr. Alexandru STANCU 2009
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r

\

Calcul prin integrare

4
dE
dE - A 1,do
4ne, Rflp
dE_ = -dEsinfcoso
dE, = —dEsinfsing
dE, =dEcos©

prof.dr. Alexandru STANCU 2009
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Rezultate din integrare

r
dE_ = -dEsinfcoso

E, - - I, Smejcoscpd@ 0 { dE, = -dEsin®8sing
o dE, =dEcos0

\

B rO COS 9

z

r. sin
E 0 sinopd 0
Y 47cso j PP

sin®0cos 0
€, T,

47’[80
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Disc incarcat uniform
(potentialuly | woos

0

r

= z dr
c 2nrdr y |
2 2
4ne, N

dV =

X Iy

o rdr }
= r? +z 1/1‘ +z — |z
280_!:\/1'2+z§ j 0 ‘
_ GTETO [./r + z2 —‘z J [Jr + 2z’ —‘z ]

27’[801‘0

27ce ofe
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Disc (campul electric pe axa)

o - W
EZ__67 {Qns 1’0[ I, +2 _‘ ”} 27‘[801'0|:Z 1/1‘02-1:—2123]

. H z, G\Zp\ z, | _
§ 2n8r /r0+z 280 4/1‘02+ZQ

2v
o |l \ \
= P —cos0|=
47’[80 z, /ro + z 47180
c Q
g, 4mn \\

X K

prof.dr. Alexandru STANCU 2009
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Cazuri particulare

Cand raza tinde la infinit sau
cand distanta fata de disc
tinde la zero

v

Q > 2m | = B, =

prof.dr. Alexandru STANCU 2009
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Planul infinit (suprafata Gauss)

z Simetrie !

Datorita simetriei rezulta ca avem Aﬁ
doar camp normal la plan, avand

aceiasi valoare la o distanta data de ;ﬁ H A
acesta S
d{

{
?LHW

(Dtotal = 2cI)baza + CI)supr.laterala = 2EZS\
(D = EZS e} q)total — 8_ -

baza
E

z o~
D ortaterala = O &l Alexandru STANCU 2009




Distributie sferica superficiala

Simetrie

Film Campul sarcinilor distribuite sferic

prof.dr. Alexandru STANCU 2009
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Calcul prin integrare (exemplu)

’ v — 1 o(2nR, sinB)R,d6
4ne, \/zﬁ + R, —2z,R, cos 6

t* =2z> + R, —2z,R, cos 0

2tdt = 2z, R, sin 0d0

t

max

2
V:=G R} jdt: o Ro(t _tmin)
p

max
2¢, 7,
t

min
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Calcul (continuare)

A) Punct in exterior

G(4nR§) o)

dne,z,  4ng,z,

R tmin — Zp B RO
zZ >
p 0 toax = 2, T Ry
v Ry ¢ =2 Foop o
2¢, z, 2¢ z,

prof.dr. Alexandru STANCU 2009
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Calcul (continuare)

B) Punct in interior
tmin — 0o zZ
p
z, < R,
thax = Bo + 2,
v B o= Fogy
2¢4 z, & Z,
0(47IR§) 0
- 4ne R, - 4ne R,

prof.dr. Alexandru STANCU 2009
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Rezultat

r

Be-+159

Fe+H19+

Ba+19+

Se+H15+

0 02 04 06 08 1 12 14 16 18 2
R

prof.dr. Alexandru STANCU 2009
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Campul sferei incarcate uniform

E,(R) ="

0 ptr. R<R,
Q

ptr. R>R,

k471801?2

Be-+0191
Fe+191
4e+09]

2e+091

U 02 04 0B 08 1 12 14 16 18 2
R
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Calcul cu teorema lui Gauss

E.4nR* =< ptr. R=R >R,
&0
® =3 E 4nR; -9 ptr. R=R,
2¢g,
E.41R? =0 ptr. R=R <R,
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Sfera (distributie volumica)

( 3
E,4nR> = 81 P 4“3}?0 ptr. R=R >R,
0]
3
® ={E 4nR. = 81 P 47[3R° ptr. R=R,
0]
3
E 4nR> = 81 P 4“;‘) ptr. R=R <R,
0
( Q R
5 ptr. R<R,
4ne Ry R,
E, =1 0
tr. R>R
| 4ne, R P °
prof.dr. Alexandru STANCU 2009 93



Potentialul

' Q R
d dre P2 R ptr. R<R,
Vv ) neglyy Ixy

dR Q
| 4ne,R”

ptr. R>R,

d—V=— Q 3 R ptr. R<R,
dR 4ne Ry R,

<
d—V = — Q 3 ptr. R>R,
| dR 4ne,R
( 2
V=- Q 5 R +C, ptr. R<R,
4ne Ry 2R,
V= Q +C, ptr. R>R,

4n80Rprof.dr. Alexandru STANCU 2009
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Calcul

Q R
T R 2R2+C1 ptr. R<R,
< TEphg 4
V:4QR+C2 ptr. R>R,
TE,

Conditii la limita !!!

C, =0
Vir=r, = V‘RzRO o2
R<R, R>R,| -9 K
4me,R, 2R
% e
‘R—)OO T ! 2 4TCSORO

prof.dr. Alexandru STANCU 2009
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Rezultate

v-— 9 [3_ R
4ne,R,\ 2 2R

J

1.2e+104

ptr. R<R,

1e+107

= ptr. R >R, it
4ne, R
Be-+19-
0 02 04 06 08 1 12 14 16 18 2
=
QO R Fe+09
E, = ptr. R<R
R 4ne R’ R 0
4 TCSO 0 0 Be+19
Q 4e+09]
E, = 1 2 ptr. R>R,
7-[:80 2e+19
DU70%27 0 08 08 1 12 14 16 18 3
R

prof.dr. Alexandru STANCU 2009
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Potentialul electric

e FElectrostatica

— Teorema lui Gauss in forma locala
— Ecuatiile lui Laplace s1 Poisson
— Energia campului electrostatic

prof.dr. Alexandru STANCU 2009
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Teorema lui Gauss 1n forma locala

div E = lim AD = 1 lim Ag _P
Av—>0 Ap € Av—0 Ap €

jdivEdv:jE-dé
(@) ()
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Divergenta in coordonate carteziene

A(XgTAX/2, yo, Zg+AZ/2)

_______________________________

———————————————————————————

prof.dr. Alexandru STANCU 2009
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div (calcul)

O =0, +0,; =-E ,AxAz+ E ;AxAz =

A(oHAX/2, Yo, zi+A2/2) ‘

=(E,; —E, ) AxAz

/ ‘ B(xoHAX/2, yo+Ay, 2o +AZ12) ‘

>

Ax OE Az OF
E.=E (x,y,,2z, )+ ——2Y i |
v y( i yO O) 2 ax X0,-Y0,20 2 82 X0,Y0 20
Ax OFE oE Az OF
E_.=E (x,,Y,,2,)+——2 +A Y —
* y( i yo O) 2 ax X0,Y0,20 y ay X0,Y0,20 2 8z X0,Y0 20
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div (calcul)

O =0, +0,; =-E ,AxAz+ E ;AxAz =

A(oHAX/2, Yo, zi+A2/2) ‘

=(E,; —E, ) AxAz

/ ‘ B(xoHAX/2, yo+Ay, 2o +AZ12) ‘

®, =(E,; -E,,)AxAz =| Ay - AxAz =
y X0,Y0:20
OBy
ay X0,Y0:20
oE OE
O =Av——= O, =Av—=
ax X0 Yo 20 ﬁz X0,Y0:20
OE _ ok
D ista (ai =+ ; =4 aaEzj divE = oE, —— ou
Y Z X0,Y0-%o [. Al X ay az 101




Rotorul

(rotE)

n

= lim £ =0
AS—0 AS

j‘rotE-dgz IE-dT

(z)

(T)

prof.dr. Alexandru STANCU 2009
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rot (calcul)

103

1
1
| >
! A
..
~
\
AN
.
.

prof.dr. Alexandru STANCU 2009
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rot (calcul)

AC = CABCDA — CAB + CBC + CCD + CDA —

oFE

[ E,; =E,(xy,Yo,2,) + Ax 6xy
X0,Y0,20

Ay OE

EyP :Ey ()Co,yo,Zo)-f'?ya—yy
< X0,Yo0:20

Ax OE

E, =E._(xy,Yo, 7 ) + = s
XN « (%05Yo520) 2 0x |y ya

Ax OFE
\ EXQ :Ex (xo,yo’ZO)-i_? 8)(: X0,Y0,20

prof.dr. Alexandru STANCU 2009

=E Ay - EyAx—E Ay + E ,Ax

L Ay o8,
2 0y

X0,Yo 5,20
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rot (calcul)

AC = Ay(EyM B EyP) B Ax(ExN - ExQ)

0
= AyAx—= - AxAy ok, _
0x oy
—» ZTI;N A < = A)CAy[ J _ aEx ]
Ro 2M Ax 0X 8y
oA Ay B
y
" _. oE OE
(rot E) = y _x
z ox 0y
i j k
rotE = 9 9 9] V xE
ox 0y 0z
prof.dr. A E, Ey E,
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EcuatiaPoisson. Ecuatia Laplace

divE =X

rot E

P
)

-0 — E=-gradV

div(-gradV)=—

€9

AV =P o’V 82V 82V

%o 8x2

A V — O indru STANCU 2009
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8z
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Conditii l1a limita. Solutia ecuatiei Laplace.

A V _ O Intr-un anumit
— domeniu din spatiu

Conditii la limita

.DIrIChIet frontiera domeniului - VO (R)
oV e
eNeumann L = Vs (R)
on . o
frontiera domeniului

eMmixte

Solutie unica in domeniul N
respectiv!!! 4 (R )

prof.




Exemplu
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Coordonate sferice

o &
/)]

S .E
O
S oD
o o @
B B3
e 9 o
¥ M
T
o o
XVJon

109
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Coordonate curbilinii ortogonale

dR = dR i, + RdO i, + Rsin0de i,
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Exemplu ... revenire

Simetrie sferical
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Solutie

prof.dr. Arcrorreroaorrrroo=ood 112




N\

Solutie (continuare)

1 d ( Qde /
2 — =0
R° dR dR C
V(R,) =V, ’VO:_R_;
V‘R—)oo: l
V:Vo&
R

prof.dr. Alexandru STANCU 2009

113




Campul departe de un sistem de sarcini

G ¢

w4

O*:U#

ﬁzxpi+yp3+sz,R:‘l§
ﬁazxp§+ypj+ zp—% f{:rpﬁr+ zp—g E,Ra
= r - d i . d i
R,y=x1+y, ]+ zp+5 =ru, + zp+§ R,
V=V, +V,=— |9 D
4ne, (R, R,

- = 1 R R
E=E _+E, = 2 -~

" 4me, [qa RD b jo

prof.dr. Alexandru STANCU 2009
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2 sarcini

=
I
+

3 3
47[80 d 275 d 275
|:rpz+(zp—2j } {r§+(zp+2j }
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Ce se intampla la distante mari?

V = ! lim

47580 Ip,2p >>d |:

-4 lim
47[80 1,2 >>d

q

47T80Rp Ry 15,2, >>d

1

d? |2
2 2 2 2
{rp+zp—zpd+4 rp+zp+zpd+—

dz |2
4

1

2

lim =

d 2 |2 d
] e
P 1Y

prof.dr. Alexandru STANCU 2009
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Continuare

= 9 lim L - = L ==
47T80Rp Rp.1p,2,>>d 2 d d2 5 B 2 d d2 5
{ _152 4R2} 1+}§2+4R2}
p p p p
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Formule generale

1 . R
V= De " =3
dre, R7
: 3(p. R "
E =—gradV = 1 ( Sp) p‘;
4me, R} R

Tema... Calculati E

prof.dr. Alexandru STANCU 2009

118



In plan

1 . R .Cos0
V = pe . I?j = p 5
4re, Ry 4me Ry
i oV 2p.cosH
ER = — = 3
< OR,  4mg R
0V p.sinb
06— — 3
\ R 00  4me Ry

prof.dr. Alexandru STANCU 2009
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Ecuatia liniel de camp

0
(Epiig + E,ily ) x (dR iy, + RAO ;) = 0
ExRdOU, + E,dR (-, )=0
Rd® _dR

E, Ep

prof.dr. Alexandru STANCU 2009 120



Ecuatia liniel de camp

i oV 2p,.cosH
ER = — = 3
) OR,  4mg R]
oV p.sin0
o~ — 3
\ R 00  4me Ry

Rd0 _dR
E@ ER
R = ksin“ 0

Rd6  dR
sin® 2cos 0
2cos0d0 dR
sin@ R
2d(sin®) dR
sin@ R

d[ln(sin2 6)} =d(InR)

prof.dr. Alexandru STANCU 2009
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Linii de camp

A
/

R = ksin® 0 O\

{

prof.dr. Alexandru STANCU 2009
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Energia campului electric

q:V/
W =qV

In cAmp electric EXTERIOR
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Energia unui sistem de n sarcini

qi,Vi2 qQ2, Va1

1 1
W =q,V,, =qV,, = E(%Vm + QQV21) = E(Chvl + qQVQ)

1 1 N
W = 5(%‘/1 +q,V, +... ann) = EZ%VL’
=1
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Energia unui sistem de sarcini distribuite

W = %ijdv - %0 (div E) Ve

Q,
<
I
<S

div E)‘l—E -gradV
W = %O“‘ div(VE)dv + IE : (—gradV)dv}

jdiv(VE)dvz-[VE-dé
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Continuare

jdiv(VE)dvzjVE-dé

Daca se integreaza pe intreg spatiul ...

Vzi Ezi2 S ~ R*
R R

Integrala tinde la zero !

prof.dr. Alexandru STANCU 2009
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Continuare

j dz?/’Zﬁv + I —gradV)d }

W = E dv
2
8o /Densitatea de energie
2
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Exemple

w =1\ ovav| |w=2 | B
2 2

1. Sfera incarcata superficial

2
W:l csVstzl ! QG dS:l L ©
2 2 4ne, R, 2 4ne, R,

Metoda 1
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Exemple

0 pt.R <R,

pt.R > R,

o0

prof.dr. Alexandru STANCU 2009
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Exemple

2. Sfera Incarcata in volum

y__ O (3_ R?

] ptr. R<R,

| 4meoR, 2 2R
V= Q ptr. R>R,
4ne R
( Q R
R = 5 ptr. R <R,
dne Ry R,
<
Q
= tr. R>R
. 4me,R? P .
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Exemple




Exemple




Campul electric in jurul conductorilor

e Conductori in electrostatica
e Teorema lui Coulomb

e Presiunea electrostatica

e (Capacitatea electrica

e Condensatorul

e Influenta electrostatica

e Metoda imaginilor
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Linii de camp

/\\\ Experiment
\
) Liniile de camp
~ sunt normale la
suprafata
conductorului

prof.dr. Alexandru STANCU 2009
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Conductori in electrostatica

eSarcinile electrice se distribuie pe suprafata exterioara a conductorului

eCampul in interiorul conductorului este nul
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Proprietati

eCamp zero in interiorul conductorului
ePotentialul constant
eSarcina se distribuie la suprafata

eLiniile de camp sunt normale la suprafata

prof.dr. Alexandru STANCU 2009
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Teorema lui Coulomb

il

i /
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Campul in apropierea conductorului

cbzﬁg)s:@as
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Campul pe suprafata conductorului
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Campul

1ninterior

pesuprafata

inapropierea suprafetei

prof.dr. Alexandru STANCU 2009
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Presiunea electrostatica
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Densitatea de sarcina

N
N DAO +~
O 3 -
< g
I ol o &
— K o
Ry Bl & ©
S| & Lo Sl
E %~ o bl|lST o
¥ A_n. [ Rz
I + Yol . b
N b b s
B
" L L YK
N O O ol|Y ©

Qla Rl

d mare

a, densitate de sarcing

a: raza mica

v

Requl

142
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Capacitatea conductorului izolat

nQ,nV «Principiul superpozitiei

Q,V

143

(farad)
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Influenta electrostatica

Elemente corespondente
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Influenta totala

Ecranul electric
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Metoda imaginilor

Jo ©

V=0

\
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Cazul planului infinit
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Problema echivalenta

148



Solutia celor doua probleme ...

Cand R, tinde la infinit ...
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Campul si potentialul

P(zp.1,) - -
E _ 4o (R—F . R— ]
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Densitatea de sarcina de influenta

A d 1
r E" g 372 = — +C
( 2+a2) 2, 52
9o d
=g, B =o,(r)=-2
Gl 80 z‘zzo Gl( ) 80 47'[80 (rlf +d2)3/2
) I onr d dj 7,97y G.d ! g
i = Gi Tcrp rp:_qO 9 9 3/2 — Yo T B 9 = Yo
) O(rp+d) «/rp+d .
prof.dr. Ale
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Densitatea de sarcina

A 7 flp]
05 1 15 2 25 3

-0.051

0.1+

0.151

il
iy

-0.2-

Sarcina de influenta totala este -q,

prof.dr. Alexandru STANCU 2009
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Sfera conductoare. Cazul |

o

(Z)

Ry
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Problema
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Problema echivalenta

o
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Problemele echivalente
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Calcul
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%4

4o

1

Continuare

L _% 1

= e, \/Rg + 22 — 2R, 7, cos 0, 4re, \/Rg + 2z, —2Ryz,cos 0,

= qo (RS + 25 —2R,2z,c0s0, ) = q; (R] + 25 — 2R,z, cos 0, )

m—

(2. 2
402y = Y4y 2

@ (R +27) = a2 (R: + 22)

prof.dr. Alexandru STANCU 2009
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Probleme

0, = & Bl Demonstrati !!!

Q, = Ioi(e)ang sin®,d6,, = 9,
0

Puteti demonstra SIMPLU utilizand teorema lui Gauss sau
prin integrare directa.
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Sfera izolata

MIVI. UL, MivAnAd \J 1 I\INJV LUU9 160



Cazul sferei izolate
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Problema

Sa se calculeze campul intr-o
cavitate sferica de raza R,

- inclusa intr-o sfera de raza R,
Ry daca distanta dintre centre
3 / este a. Sfera de raza R, din
\_ care se decupeaza sfera de

raza R, este incarcata uniform
cu sarcini electrice uniform
distribuite in volum cu
densitatea p.
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Sisteme de conductori

s Vo
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2 conductori

Principiul superpozitiei

Ql Cll Vl

-

Qi=Cy2, V=0

g

Qz Cy1, V=0 Q1:C11 Vi,V
Q2=Cy2, V=1 Q=C12 Vs, V,=0

QX@

prof.dr. Alexandru STANCU 2009

Q2:C21 Vi, V=0

@

Q2=Cyx» V,, V,

»
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2 conductori

Qi=Cy1 Vi, Vi Q,=C,; V;, Vo,=0 Qi=Ci2 V2, Vi=0 Qx=Cy Vo, V;
=C i Vi+CaVy, Vy Q=Cy Vi +Cu V,, V)

® ¢

Ql — c11V1 + C‘12V2
Qz = C21V1 T C22V2
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|

Condensatorul

Ql — c11V1 + C‘12V2
Qz = C21V1 + C22V2

Vi = p,0, + p,0,
V, = 0, + P50,

Condensator = sistem format din doua
conductoare izolate intre ele si incarcate cu
sarcini egale si de semne contrare.

prof.dr. Alexandru STANCU 2009
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Condensatorul

;V1 = P, 0, + P10, ,
Vo = 03,0 + P20,
!V1 = p,Q — P10
Vo = 0,0 — py,0Q

Q =0Q;0, =-0

c-_"2 1

5 (pu T Doy — Do — p21)
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Condensatorul plan

0L 1000000 7 Yo
— -Q
> E="2 _ ©_U
€y € d
C:QZSOS
U
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Condensatorul sferic

dR_ Q (1 1
R?> 4ne, | R, R,
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Condensatorul cilindric

A Q

" 2me,r 2me,rL

15 r:

U:IErdrz Q [dr__Q %
2ne, ) v 4mg, L 1

n 1

C - Q _2me,L
U In’2
n
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Sistem de doua conductoare sferice

R,

@

Qi

Q.

v, = —2
4ne, R,
V, = Q,
4mne R,
b = 1
" 4ne R,
1
P 4re,R,
P12 = P =

prof.dr. Alexandru STANCU 2009
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Continuare

-

Q Q ( d*R dR R
V. = 1 4 2 _ 4ne LV —4ne L2
' 4ng R, 4ne,d < "d*-RR, ' °d*-RR, °
$ 3
2
V, = Q + Q, Q, = —4ng, 2d RiR, V, + 4ne, 2d R, 2
4ne,d 4ne R, k d” - RR, d” - R,
2
1 C,, = 4ng, 2d R,
P = dre R d° - R,R,
ne R, PR,
1 022 - 4'7180 2
p22 = — d —R1R2
4ne, R, AR R
C, =C,, =—4mne, —; —2
D)= Py = 1 d> -RR,
1 21 4ne,d
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Energia

1 n
W == E V.
2 - Ql 1

n=>2
Q=-0,=0
O QU CU* O’
W= (V-Ve) =5 =" =5
2 2 2 2C
C = 8>
d
U = Ed
2 2
W:‘Z’—j(Ed)Q:SOE Sd = S,

2
prof.dr. Alexandru STANCU 2009
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Lucrul mecanic (Q=const.)

i

Q = const.

Fdx =-dW = —d(o—zj
2C

C =

szd( % x]
S

€9
X

2
Fdx = © dx

c
F=— = — —_— = — E
2¢,S Q280 ©F

2

o
F=-pS=-——-2S
P 2¢g,
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U=const.

I

U = const.
2
U(UdC) = Fdx + U dc
2
Fsx — Uu-dcC
2
C- )
X
2 2
Fde= 2 (ﬁj__gosg dx
2 X 2x
_ §,SU”
2x?
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Gruparea condensatoarelor (in serie)

U=U +U,+U,; = © :Q+Q+Q:>
Cechivalent Cl C2 CS
1 1 1 1
=—+—+
echivalent Cl CQ CS
n
1 Z : 1
CS i=1 Ci
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Gruparea condensatoarelor (in paralel)

Q = Q1 + QQ + QS — CechivalentU — CIU + CQU + CSU —

— Cechivalent — Cl + CQ + CS
n
-Q +Q,
C, = E C,
-Q; +Q, t=1
-Q +Q;
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Problema 9.1

©)

HHE
HHe
Hs

£ |

Sa se calculeze capacitatea echivalenta intre punctele A si B.

Toate condensatoarele au capacitatea cunoscuta C.

prof.dr. Alexandru STANCU 2009 178



Problema 9.2

0
> ®4|®
”J_”
o 1o o
T T T
A

Sa se calculeze capacitatea echivalenta intre punctele A si B.

Toate condensatoarele au capacitatea cunoscuta C.
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12 —

31 —

Transformarea triunghi-stea

GG,

C, +C, +C,

GG

T C 1C,+C,

e

C,+C,+C,

-
1 G,
C,

L

prof.dr. Alexandru STANCU 2009

C12 + CSl L — C12C31

23

C23 +C12 4 23712 C23C12

31

C31C23

12

=C;, +C,; + ———==
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Alte reguli ...

1. Se aplica legea conservarii
sarcinii in nodurile retelei

2. Pentru ochiuri de retea se
poate scrie ca suma caderilor
de tensiune este zero
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L IS

Problema 9.3

N

Sa se calculeze sarcinile
electrice care traverseaza

0
A

N

O

punctele 1, 2 si 3 Ia
30 inchiderea intrerupatorului
K. Se cunosc E si C.
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Medii conductoare

Conductorii sunt corpuri in care

miscarea sarcinilor (curentul electric)
apare sub actiunea campului electric.

1827 Ohm

I=U/R

R — rezistenta electrica

prof.dr. Alexandru STANCU 2009
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Forma diferentiala a legii lui Ohm

1 AL
U:RI:—A—S]AS _ —
4 [=)7-dS
E = v —J:>]':7/E
ALy )
|
P =
Y

1. Dielectrici y<10->(@m)!
2. Semiconductori 10-°<y<103(Qm)-!

3. Conductori 103<y (Om)!
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Rezistivitatea metalelor

rezistivitatea conductivitatea
Aluminiu 2.8 108 (Qm) |3.6 107 (Qm)-
Cupru 1.7 108 (Qm) 5.8 107 (Qm)-
Fier 1.0 107 (@m) (1.0 107 (Q@m)~
Argint 1.6 108 (Om) [6.2 107 (QOm)"
Nichel 6.8 108 (Gm) [1.5 107 (Om)"
Aur 2.0 108 (m) |5.0 107 (Om)-*!

prof.dr. Alexandru STANCU 2009
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Conductvitatea , 10°((-m]

: S 1000° K
— — —— — ]
~ ~N | =
i
X—-——"_—’_’/‘
i
104 i 20— *
1
T -
/
102 + 10—
P i
1
1
1
1 1
10— 2 ; 10/
]
10—+ 104
I
10—*® ] k 10°
i
i
T
l/
10—2 {1 108
1
10— 1o :
1
i
i
10— 1= 102
10— 14 — 104
10— 18 J' 101®
= 10° 100° 1000°

Temperatura, K

CUPRU PUR

(rezistenta remmancentdi sub 20 K.,
datoriti defectelor de retea)
PLUMB PUR

(sub 7.3 K prezinti supraconducti-
bilitate)

Temperatura K

GRAFIT (CARBOMN)

(policristalin ; monocristalele sint
anizotrope pe diferite directii comn—
ductibilitatea este diferitii)
Temperatura K.

GERMANIU PUR

g
g
2
c
¢
;

-

~

METALICI
CONDUCTORI
Conductibilitatea se dato -
reazi electronilor liberi

«SEMICONDUCTORI»
Conductibilitatea se dato-
reazi electromnilor excitati
termic in «banda de con-
ductie»

CONDUCTIBILITATEA SE REA-
LIZEAZA PRIN IONII CE DIFU-

=

=

&

=

=

b —

=

<]

a»

[~
CLORURA DE SODIU
STICLA

ZEAZA PRIN SOLID

Fig. 4.6. Conductibilitatea electriciti a unor substante tipice.
Remarcati ca si pentru conductivitate si pentru temperatura
absolutd s-a folosit scara logaritmica.



Ecuatia de continuitate

prof.dr. Alexandru STANCU 2009

o 0O op L= -
= dv=| —dv=- dS=—\|divjd
o1 arjpv o Cﬁj jlv] ’
V V 2z V
j(@+divjjdv=0
ot
?
a—'O+a’ivj=O
ot
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Timp de relaxare

ap-l—dl\/] O:>8'0+dzv()/E) 0

ot ot
56,0 +7/dsz 0 Exemplu: Cu v=6,0 107 (Qm)-1

J & £,=8,8 1012 F/m
divE = vl go/y=101% s (aprox.)
\ €9

ap . P y

—+y—=0= p(t)=p(0)exp| ——¢

ot 0= p)=p(0) p( 80)
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Campul in interiorul unui conductor

In electrostatica E=0 in interiorul conductorilor.

Cand exista curenti electrici in conductori, campul
electric este diferit de zero.
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Campul electric in cazul c.c.

—

j=yE  jJ#ZO=E=#0

Simplificare: Conductori liniari filiformi

Campul electric are componenta
tangentiala dar si normala la

=
=

0

de curent

|L suprafata conductorului parcurs
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Sarcini de suprafata si de volum

Sarcinile de suprafata sunt sursele campului care
exista in conductor si care asigura curentul in
acesta.

Sarcinile de volum ... conductori neomogeni!

prof.dr. Alexandru STANCU 2009
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Mecanismul de generare a curentilor

Sursa de tensiune electromotoare
. separa sarcinile pozitive de cele negative

. sarcinile de la bornele sursei nu creeaza
direct campul electric in conductori dar asigura
formarea unei distributii a sarcinilor pe conductori
care sa realizeze campul electric in interiorul
acestora.
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Modificarea potentialului in lungul
conductorului

jZ0=>E#0

Potentialul nu mai este constant intr-un
conductor!

TOTUSI, campul in interiorul conductorului este
creat de sarcini de suprafata care nu isi schimba
densitatea in timp. Consecinta este ca acest camp
este camp potential.
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Legea lui Ohm pentru o portiune de circuit

V()-V(2)=El=U,

' I
jeyE=E=LoIS
y S 7S
]
U,=—I1=IR,

vS

prof.dr. Alexandru STANCU 2009
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Originea campului electromotor

Campul electric electromotor nu poate fi tot de origine
electrostatica.

Daca ar fi asa, lucrul mecanic al fortei electrice de-a
lungul unui contur inchis ar fi nul.

prof.dr. Alexandru STANCU 2009 195



Legea lui Ohm pentru un circuit simplu

E=RI+rl= 1= £

= R+r
\__/

E,r
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Efectul termic al curentului electric

dL =UdQ
dQ = Idt
dL = Uldt
2
:%:U[:_:Rﬁ
dt R
-2
AP:(jAs)zlﬂ:»P _ AP _J =yE*=]-E

yAS " ASAI ¥

/

Forma locala
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Circuite electrice. Legile lui Kirchhoff.

Circuite electrice...

Noduri ale retelei (n)

Laturi ale retelei (I)

K1...pentru noduri (n-1 ecuatii)

2
2

[, =0

Y

R,

o~

K2...pentru ochiuri de retea (I-n+1 ecuatii)

prof.dr. Alexandru STANCU 2009
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Exemplu

m Ein

ah
N

E29r2
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Exemplu

m E.1

R,

e

I—

vt o (L+L =1
A
N

JIR + IR, + 11, =FE,
E,.1; k]Rl + ]27’2 — E2
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Metoda curentilor pe ochiuri

Er \__/
R, Ry
| | B { e O
C I Dy, D
R3 R4
- | | -
D

prof.dr. Alexandru STANCU 2009

I, =J,
[z=J,+J,
[po=J,+J,
Ip, =,

lep =,

Lyp =J, =,
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Metoda curentilor pe ochiuri

ah
Er\

R, R,
PN S— } - | - eC
D >
R3 R4
I } | I
D

(J,(r+R +R)+J R +J,R, =E
JR +J, (R +R,+R,)-J,R, =0
JoR, ~J R, +J,(R,+R,+R,)=0

/\
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Continuare

(J,(r+R +R)+J R +J,R, =E
JR +J, (R +R,+R,)-J,R, =0
\JoR, ~J R, +J,(R,+R,+R,)=0

N

(r+R +R,) R R, J,| |E
R, (R+R,+R,) —R, J, |=]0
R, -R, (R, +R,+R,)|| /5] [0

Este adaptabila pentru punerea automata in ecuatie.

Principiul superpozitiei starilor de echilibru.
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Sursa de tensiune, sursa de curent

>

w i

N :
-

@

i=j
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Teorema lul Thévenin

O retea liniara vazuta din doua
dintre nodurile sale, A si B, este
echivalenta cu un generator de
tensiune cu tensiune
electromotoare egala cu B
tensiunea in gol intre A si B si de
rezistenta interna egala cu
rezistenta retelei intre A si B. .
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Exemplu de calcul

Sa se calculeze curentul prin R, folosind teorema
lui Thévenin.
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Calcul

R1 B R2
A &—— | I { F——"0C
I
J R3 R4
S | I { F—
D
R R R.R
— =22 374

R+R, R,+R,
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Calcul

ah
N

R1 B R2
| SN I | e C
I
J R; R4
| I [ —
D

prof.dr. Alexandru STANCU 2009

J=—FC
R +R,
J=—2F
R, +R,
¢ = —RR,+R,R,

(R +R,)(R,+R,)
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Rezultat

E N/
R; Ry . €
S | —— —————C L= R +R,
R4
R3 R4
] } : | —
g —RRRR, » __RR,_ RR,
" (R +R)(R +R,) " R+R, R,+R,
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Teorema lui Norton

O retea liniara vazuta din doua
dintre nodurile sale, A si B, este
echivalenta cu un generator de
curent de intensitate egala cu cea
in scurtcircuit intre A si B legat in

paralel cu o rezistenta interna

egala cu rezistenta retelei intre A
si B.

prof.dr. Alexandru STANCU 2009
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Probleme
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Transformarea triunghi-stea

R12R31

R12 + R23 + R31
R23R12

R12 + RQS + R31
RSIRZS

R12 + R23 + R31

prof.dr. Alexandru STANCU 2009
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R,=R +R, + KRR,
RS

R,,=R,+R, + RoRs
1

R.R,

R, :R3+R1+;\)—
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Problema 1
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Electricitatea in atmosfera

@ E=100 V/m
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Electricitatea in atmosfera

Diferenta de potential totala intre suprafata pamantului si limita
superioara a atmosferei este de 400 kV

Densitatea de curent 10-12 A/m?

Curentul total 1800 A (spre suprafata pamantului)
lonosfera se afla la aprox. 50 km

Furtunile (trasnetele) aduc sarcinile negative pe pamant

La baza norilor sarcinile sunt in general negative. Se creeaza
diferente de potential de pana la 100 MV in raport cu suprafata
pamantului (>>0.4MV)

Un trasnet transporta circa 25 C.
Curentul intr-un fulger este de aprox. 10 kA

prof.dr. Alexandru STANCU 2009
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Campul sarcinilor electrice in miscare
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Z.7' 4
O!
X :
O
X

Este corect ?
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Transformarile Lorentz
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Pentru simplificarea relatiei utilizam teorema energiei:

T m
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— —> —_ —

O =g, ©,=q,B

—_

F =q,E+q,ixB

Forta Lorentz
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0

df
L
S

dF. = dl xB
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Legea de transformare a
campurilor
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Campul electric al sarcinilor in
miscare

Z,Z' 4

v, P
) )j/ A
, :
= R=xT+yf+ 2k
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Problema

» Comparati campul electric creat de
sarcinile in repaus cu cel al sarcinilor
aflate in miscare rectilinie si uniforma.
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d

—_

= ﬁldi X
41t

—

Ry
R,

Legea Biot-Savart
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Circulatia vectorului
inductie magnetica
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dm
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P

grad,V,
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AQ) =147
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Teorema Ampere
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Potentialul vector magnetic

N B,="2|j x—=Ldv
J P 0 3 0
A ()
TR
Q e
R,
O
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Metode de calcul pentru inductia
magnetica

1. Aplicand direct legea Biot-Savart pentru elementul
de curent si integrand de-a lungul curentului care
genereaza campul magnetic

2. Calculand potentialul scalar si apoi utilizand relatia
intre inductia magnetica si potentialul scalar

3. Calculand potentialul vector si apoi utilizand relatia
intre inductia magnetica si potentialul vector

4. Aplicand teorema lui Ampere (pentru sistemele cu
simetrie ridicata)

prof.dr. Alexandru STANCU 2009
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#_h 5 & dﬁzhldix&
B_4nQV°XR§ Ty

Legea Biot-Savart
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B, =—grad,V,
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Cj)]?-di = 1, I =1, j JodS = (_f)rot]?-dg’

Teorema Ampere
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Direction of
Current

\ -

\

Direction
of Magnetic
Figure 2 Field

I
B, 277, = pyl — B, ==
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1 L/2 E
B="2] | dLx— =
dr 5, R
P(zp,1) L2 —zVk +7.0i
=Z‘—°1 P Gt P
2
T L (zp—z) +r7
Q L/2 —
&[ rpdz% B
@ - 4 2 LR
~L/2 [(zp—z) +rp}
dé g
j (@ va?)” 2B ra?
My 1L (22
Y 2 o
P [g(z—zp) +rPJ
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Thumb Pointing
in Direction of
Current Flow \

| Hy
} F.=BlL=-""-111
_ 12 2 2rd
H

I =1,=1, p,=47x10"' (;)

Fingers Point in ﬂ
Direction of F — 0
Figure 3 Magnetic Field -

I’L, I=14, L=1m, d=1m

2d
F=2x10"N

Interactiunea dintre curenti liniari paraleli

Definitia Amperului
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P(0,0,z,)
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» P(0,0,z,)

f
7)
Hol Hol (5 R Hy - R
V=—"—Qz=z—"—"—(-S|—=—p o
41 472( )R3 47zpm R’
p =IS
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’“4z\R_ R, R, R,
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R, —R, = Lycos(Ly,R)=
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Demonstrati !!!

- H 3(]3,%-1?)1?

B = —oradV = rotd =
& 47 R’
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- Uy — R N ~
A="2p x—, =p k
47 P R’ P = P
i ]k
Y Hy Ho P, s
A= 0 O = —yi +Xx
4R’ P 47Z'R3( Y J)
X y z

[
B = rotd = £olm 0 I
47 | ox Oy Oz
y X
R
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B, =(l’0t;1) __HDy 0 ( X j:_ﬂopmx 9, [(x2+y2+22)3/2}

X 4 0z\ R’ A Oz
_ _W£_3)( 2y g 2 gz Fa B
an 2 47 R
B Mo 3pm5yz
" 47 R

yzn 2 3(X2+y2+22—22)
_Epm R3_ RS
joto| 3B R)R
4 R’ R3
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Formule generale
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Campul magnetic al unui curent circular

—

B =—-gradV, . p = rotAP

P(0.0.7) 174 _ MOI O
4

Q = -2n(1 - cos ocp):> Vin =HTOI(1—COS ocp)

OVimp _ Mol (o
BzP = =
Zp

3
=B, sin® o P
0zp 2ny 2 2

+r0

I
B, = o
27‘0

prof.dr. Alexandru STANCU 2009 266



Calcul prin integrare directa

—

~ ol .~ R
B = WP
dB = Hol 1 dg
47 R’
1l
de:ZO r‘ﬁf cos
T
I rdp .
de:’ZO r‘}g;ﬁsmacosgp
T
Ml rdo . .
dB, = P SIn ¢ Sin @
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27 3

dp ol 15 ol 1

z 3/2 3/2
4 0 (r02 +Z2) 4 (r02 _|_Zz) 0

B :,uolf’bd(D
Y4z o R

B :ﬂolTrod§0
y 472_ d 2

dop =

sinacos@ =0

sinasing =0
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Sistemul de bobine Helmholtz

B, =B,; +B,, = Bolsin?’ Op, + sin® ocp_J:

[ 3/2 3/2
B r02 + r02
N2 +(z-d/2)P o2 +(z+d/2f

=0
dz |,_,
d’B, -
dz> 0 =0 . d_lo
2 2 3 3
B,(z)=B,(0)+ %8z .4 P;j z_ .8 B;‘ Z .
pro(ti.%r. Atdxandri&T NG 3009 dz ‘z=0 3! 269



Campul uniform
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Campul solenoidului

B este uniform in interiorul solenoidului s1 este zero in
exteriorul acestuia.
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dB, = p;)dl sin® 0 — uonldz I,
To 21, \/ro2 + (zp — Z)2
d/2 d/2
B, - nonlry J- dz . uonl (Z - Zp) _
% 9, [(z—zp)2 +r02} z \/(z—zp)2 +12 s

dé g .
= +C
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Cazul A= A_=0

(rot A) =l_aAz—a(rA“’) _p - %
1| 09 0z | ' 0z
(rotA) = oA, o4, =B =0
o | 0z Or i
(rotA) :l_a(rA(P)_aAr_ . :l_a(rA@)_
z r| Or 50 S oor| or
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Solenoidul infinit

d > o |B, = Hel = ol

\ . \ Pe axa bobinei !

Kol pentrur <r,
0 pentrur > 1,

Datorit3

Inductia nu are componenta dupa ¢
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Curent superficial plan

Simetrie !
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dB. =—-dBcosa

dBy =—dBsin«
Ill() lsdy
dB =
27 [y + 2z}
dB :—luo lsdy 4 :_lu() lsydy
Z 272'\/y2+2123 \/y2+2123 2 y* + 2z,
Ld(y*+z ; I
Z I ydy = lS J- (2 ZP):_ILlOls ln‘y2+2123‘ :O
LV 2, 4z Yoyvi+z, Ar )
dB, =—dBsina = - Hy _Ldy Zp —_ lszzpdyz
27[\/y2+z§, \/y2-|-2123 27y + 2z,
: L ) L .
1 2 L
By:_”OZSZPJ Zdy : __ HoliZp arctg(lj __ HMolZp arctg(—]
2r Ly +zp 2z, Zp )|, 2z, Zp
' L
B, = —&arctg [—]
T Z,
IuOis

cand L — o, B — —
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Z

4 Discontinuitatea componentei tangentiale

B _ +(Hois/2) pentruz <0
P _(“ois/z) pentruz > 0
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Probleme

Comparati relatiile de discontinuitate care
apar la trecerea prin distributii superficiale
(de sarcina, pentru intensitatea campului
electric si de curent, pentru inductia
magnetica)

prof.dr. Alexandru STANCU 2009
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Interactiunea dintre curenti i
campul magnetic
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Sarcini magnetice fictive

— +
S o
[L

. “Om
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Fenomene electrice si magnetice
variabile in timp

Fenomenul de inductie
electromagnetica



Fenomenul de inductie
electromagnetica

 Curentii produc camp magnetic. Acesta
actioneaza asupra momentelor magnetice
(magneti permanenti, alti curenti)

* Motoare electrice pe aceasta idee ?

» Faraday observa ca un camp magnetic,
oricat de intens nu produce curenti

electrici. Efectele apar numai cand apar
modificari.
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Fenomenul de inductie
electromagnetica
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Experientele lui Faraday (1839)

O —
5 s /> T [ehen
De ce un curent electric nu N \\
creeaza un un alt curent j-\flg;a;;-;gl;;g;;_ 7,
electric in conductorii din s i
preajma?

\
>)
HEavaquoﬁerRu —
= H;wons amtram[ m 3l
/ .
7 f\ H\ ERM"HFNT
el _*’H"' g’
P\ ..:‘fﬁ._ j) Vd ) glsc/\ ’J[_d:_. Ll l"\

E= S — e ——
I\ x"/’ ft fw’f " —

T __-..:gi, \/ “GALVANOMETRU
LN c ~ .

Fig. 7.1. (o—e). Interpretarea de citre autor a citorva dintre experientele |ui Faraday descrise
in lucrarea sa ,Cercetdri experimentale fn electricitote”.
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Definitie

Fenomenul de aparitie a unei t.e.m. Intr-un
circuit strabatut de un flux magnetic variabil

®=B-S=uH"cosd

t.e.m. de inductie se poate obtine prin
modificarea oricaruia dintre cei patru termeni.
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Cazuri particulare

» Circuit mobil — inductie magnetica statica
» Circuit fix — inductie magnetica variabila

ol
GALVAMOMETER
Fig, 16&-2. Moving o wire fheough a magnetic fiald Fig. 16-3. A coll with current produces o
produces o currenl, as shown by e galvanometer, current In @ sscond coll if the first coll Is moved

or If s currenl B changed.
289



The magnet produces some vertical magnetic field, and when we push the
wire across the field, the electrons in the wire feel a sideways force—at right angles
to the Aeld and 1o the motion. The force pushes the electrons along the wire,
But why does this move the galvanometer, which is so far from the force? Because
when the electrons which Teel the magnetic force iry to move, they push—by electric
repulsion—ihe electrons a little farther down the wire; they, in turn, repel the
electrons a little farther on, and 50 on for a long distance. An amazng thing.

It was so amanng (o Gawss and Weber—who first built a galvanometer—that
they tried to see how far the forces in the wire would go. They strung a wire all the
way across their city. Mr. Gauss, at one end, conmeected the wires to a battery
(batteries were known before generators) and Mr. Weber watched the galvanometer

had a way of signaling loag di was the beginning of the

telegraph! | Of course, this has nothing directly to do with induction—it has to do

with the way wires carry currents, whether the currents are pushed by induction
or not.

prof.dr. Alex Fig. 16-2. Meving o wire firough @ mognefic fild 290
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Motor - generator

Fig. 14=1. Schematic outline of «
simple slechromognetic mobor,
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Aplicatii practice

g PR

" 0 \ ' /
Double Slip & \//
Ring Commutator + 10 \ i |

o . a0 180° 270" iso"
Timeg ——

Figure 11 Figure 5

Volts
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AC Generator DC Generator
i - U

B .+

f . )
H.HDE&J;]!E s"t[;tn + Single Split Ring
i sl Commutator

Figure 11 Figure ri
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. North Pole on Magnet
. South Pole on Magnet

DC Generator

Brush with
Negative —
Charge |
- o
Single Split Ring
Brush Commutator
Direction of with Positive L
Armature Movement Charge Figure 7

Figure &
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Microfon - difuzor

Fig. 14-4. A islephone ronsmitier
OF Feceiver.
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Inductie -

SWITCH

BATTERY

autoinductie

:'T’l
(ol LigHT
8\ &5 = BULB

Fig. 14=% Twa ecaib, wropped
around bundles of iron sheets, allew a
genurator to light a bulb with no difect
cannachion.

Fig. 14=6. Cirewit connections far an
eleciromagnst. The lamp allows the
posage of current when the swilch is
opened, preventing the oppeorance of
excessive amf's 296



Forte care actioneaza asupra
curentilor indusi

Fig. 16=7. A conducting ring is strongly repelled
by on slectromagnet wish o varying current,
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Curenti turbionari (indusi) in
conductori masivi

W,

S
A
' —_—
: |
i Fig. 149, A bar magnaet is  sus-
N L_,..-"/' panded obove o mperconducting bowl,
i by the repulsion of eddy currenks.
Wy F i F LS

®_PERFECTLY CONDUCTING PLATE

Fig. 16-8. An electromagnel neor o perfectty

conducting plate.

prof.dr. Alexandru STANCU 2009 298



Curenti turbionari (Foucault)

Some. FIVOIT
e

Fig. 16-10. The broking of the pen-
dulum shows the forces due to eddy cur-

renks, ru STAN 299

Fig. 16-12. Eddy-current offects are drosk-
cally reduced by culting slots In the plale.



Aspecte cantitative — legea
Inductiel electromagnetice

L
e = ijdx = BLv
0
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Legea inductiel electromagnetice

L
‘e‘zijdx:BLv=BLdy=ch
0 dt  dt
dD
oo a9
dt
e:—— B-dS = gS d§:€[>E-df:§‘5rotE-d§
mtE——a—B
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Campul electric

- B
rotlk = —8—
ot

divB =0 = B = rotd

rot£E+a—Aj =(
ot

" 4
E+—=—gradl = E = —gde—a—
Ot Ot
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Regula fluxului se aplica si cand variaza campul si
cand se misca circuitul.

Circuit care se misca

Cand circuitul este fix
Exista si in vid!

Ce camp se aplica asupra sarcinilor pentru a le pune in miscare ca
urmare a fenomenului de inductie electromagnetica?

Legea lui Lenz (film)

Campul electric indus (film)
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Inductia mutuala

__-i-E'-'I_
b

Sy —
o~ Sy
Comn 2 ey
= dB N,N,S dI
— & =—N,§—=— e
= TR TR
= dI dI
JARON & =M, —; =M, —=2

21 dt

Fig. 17-B. A current in coil 1 pro-
duces a magnetic flald through coil 2,
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Fig, 17-2. Any Pwo coils hove o
mutual inductance I proporkonal fo the
ir|.1'-n|;| ral of dg, « d85./ 742

g = 9 Beiida = dj Aeds,
dt 7 dt 71
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d -
& = _EJ'{I} A'dSl

IZ:ﬂ(ﬁ L, ds,
4 <2,

Lds, dl
— od — M —2
I 47z dt Sﬁ{l}cﬁ{z} r, ey

Ky ds,«ds,
M. =
2 4r Cﬁ{l} Cj){z} r,
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<

_ IUOCJS Cﬁ ds, +ds,
12 4z Tw I g

M12 M21 =M
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Autoinductia

d] d]
g =M —1+M
1 11 dt 12 dt
d] d]
e =M, —+M
2 21 dt 22 dt

M, =-L; My, =—L,;
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Energia campului magnetic

| 6B
ot
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dd

dL =—e, , Idt =“— Idt = IdD
dt
bO=LI
2

szIdCD:>dW:L[dI:>W:L; :](D
@:jé-dﬁ:jmﬁ-dﬁ:jﬁ-df
W:£ Z-d#:lj‘;l-#dv

2 2
rotH = |

rotd — ArotH
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/4 =l_[;1-rotﬁdv
2

div(?lxﬁ) = H rotA— ArotH

W =%jﬁmt§1dv—%jdiv(2xﬁ)dv
1 ¢ = -

W:EIHde



Relatia forte, cupluri, energie
* Lucrul mecanic efectuat de surse:

N
> 1dD, =dW + Fdx
i=l1
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Cazuri particulare

1. D = const.
0=(dW) +Fdx:>F:—(de
d=const. dx o

2. I = const.
21 dD. = 1  +Fdx

N

——Z[iCDi

=1
il aw
> Id .:—ZldCD + Fdx = — ZldCD =—Fdx=F=|—~
i=1 i=1 X Jp
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Cuplul fortelor

pentru x ~ 0

1. D = const.
[ _(d_Wj

do ),
2. 1 = const.

r:(d_Wj
do ),

prof.dr. Alexandru STANCU 2009
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Aparate electrodinamice

1 1

I2 I ) Cco

d
: r=I"—2=C=1" =
/ do dL,,
: do

prof.dr. Alexandru STANCU 2009

W ()= > > Lyl l, = > | L0} + Ly D5 +2L, (0) 11, |

315



Wattmetrul

i
1 ‘
e
A Hx r_ﬁ‘ifg
| B
Z ;.Y
R R
1 dL,  COR
T I'=—~P _C0:>P—dle
40
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Circuite electrice in regim
tranzitoriu si alternativ



Generatorul de curent alternativ
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T.e.m. alternativa

Utilizand fenomenul de inductie electromagnetica, se poate genera relativ simplu
tensiune electromotoare. Este cunoscut experimentul in care o bobina este rotita in
timp ce se afld in cdmpul generat de un magnet permanent. In cazul in care se bobina
este parte a unui circuit electric si se mdsoara intensitatea curentului in acest circuit, se
observa ca atat timp cat bobina se roteste, in circuit avem un curent electric.

Pentru a trece la evaluari cantitative privind modul de variatie al curentului in
circuit, trebuie sa identificam mai intai elementele esentiale ale sistemului.

Pentru inceput este bine sa calculam tensiunea electromotoare indusa in bobina
aflata in rotatie. Pentru aceasta avem la dispozitie legea inductiei electromagnetice:

e--2, (1)

at
unde e este tensiunea electomotoare indusa, @ este fluxul inductiei magnetice prin
circuit iar feste timpul.
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Variatia fluxului

Pentru a avea o expresie simpla a tensiunii electromotoare suntem nevoiti sa
utilizam o expresie simpla pentru dependenta de timp a fluxului inductiei magnetice.
Neglijam din acest motiv variatia inductiei magnetice in zona in cere se roteste bobina si
consideram in plus ca toate spirele au suprafetele egale ca marime si paralele intre ele.
In acest caz fluxul se poate scrie sub forma:

P = NBS coslot + ¢y ), (2)

unde A este numarul de spire ale bobinei, £ este inductia magnetica in care se afla
bobina in orice moment, S este suprafata fiecarei spire, » este viteza unghiulara
(considerata uniforma) cu care se roteste bobina, iar ¢y este o faza initiala a rotatiei
bobinei. Vectorul inductie magnetica face cu normala la suprafata spirelor unghiul:

0 =ol+@,. (3)
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A4

T.e.m. iIndusa

dd d -
T o adr B _E[NBSCOS(WJF%)] - a)NBSsm(a)tJrgoo)

Aplicand legea inductiei electromagnetice, obtinem o tensiune electromotoare
variabila in timp dupa o lege sinusoidala:
e = NBSw sin(lw £ + ¢y ). (4)

. Problema1

Estimati efectul asupra tensiunii electromotoare induse dacd inductia magnetic :
: hu ar avea aceeasi valoare (si/sau) orientare in toata zona in care se roteste bobina. __ :
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Circuit RLC in curent alternativ

Consideram un circuit compus dintr-o rezistenta ohmica R, o bobind cu
inductanta proprie L si un condensator de capacitate C, caruia i se aplica o tensiune
sinusoidala u(t) = U,sinmt.

R L C
|
|

O o—III-— O
A B D | E
O Ut o
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Ecuatia pentru circuitul RLC serie

Expresiile tensiunilor pe elementele circuitului sunt:

Upg = Uy, = RI .
i

u, :UW:_EZLE (5)

U —u&_::%:% iat

unde / ug U, Us sunt valorile instantanee ale curentului prin circuit, respectiv ale

caderilor de tensiune de pe elementele circuitului.
Din expresia legii lui Ohm pentru valori instantanee ale tensiunilor pe elementele

de circuit, v = up+u;+Ug se obtine ecuatia diferentiala:
4,9 -y snot (6)

Ri +L—+—==
a C
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Forma finala a ecuatiel

Din expresia legii lui Ohm pentru valori instantanee ale tensiunilor pe elementele
de circuit, v = up+u,+Ug se obtine ecuatia diferentiala:
a . q

| i _
Ri + LE + z =, sinot (6)

care se poate pune sub forma:
g+ 26,0 +0’q :UTmsim-}f (7)
in care s-au facut notatjile:

25, :%

CoL (8)
0, = —
LC
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Solutia

Solutia ecuatiei (7) este:
9 = Qo]

in care g, reprezinta solutia generala a ecuatiei omogene (vezi Anexa I):

K sh(&t) + K ,ch(§t), 5, >w, (R >2Z,)
Kit+K,, 5, =w,(R=22)
Kssin( Qt) + Kg cos(Qt), 3, < 0,(R < 2Z,)

- — "-\"-_j _ . ‘2 .
0= 1{(‘15' ®; , o, > W,
— ’ 2 el >

L
-

g, = oot

unde:

iar g, este o solutie particulara a ecuatiei neomogene, care se cauta sub forma:

q, = Asinof+ Bcosawl.

prof.dr. Alexandru STANCU 2009

(9)

(10)

(11)

(12)

325



Rezolvarea problemei cu conditii initiale:

J‘? + 20,q + mﬁa = UT”*EM.-}E‘

qt=0)=0; qt=0)=0
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Solutia ecuatiei omogene

G+ 26,0+ wiqg=0

este:
K ,sh(dt) + K ,ch( L), o, >w, R >2Z,
g, =e K, t+K,, 5, =w,(R=2Z.
Ksin( QL) + Kgcos(Qf), 6, < w,\R < 22,
unde:
ﬁ:Jfﬁ-{:}j, o, >,
() = ij -82 , w, >0,
L
ZE — E




Solutia ecuatiei neomogene (1)

Rezolvarea problemei cu conditii initiale:
P , v, .
~ 2 _
|(?+2h|j{?+mgﬁ?—Tm5fﬂf}r {A.l)
1{;({': 0)=0 gt =0)=0

Solutia particulara a ecuatiei neomogene se cauta de forma:

G pare = ASINn t + Bcosnt

Introducem in (A.1) derivatele:
G e = 0|AcOSOE - BSinmt)
G e = ~0° (Asinot + Bcos t)
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Solutia ecuatiei neomogene (2)

-0’ (Asino t + Bcoso t )+ 26 ;0(Acos wt - Bsinmt )+ w2 (Asino t + Bcosot) = UT””SM-N
Egaland coeficientii lui sinw¢ si coswt, gasim:
‘. -0 A- 28,08 +0lA= UT”’
l- w’B + 28 ,0A+ wiB =0

de unde:

e 6
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Solutia ecuatiei neomogene (3)

Inlocuim in Opart Si Obtinem:

_ Um I - P - e
Dpare == o7 o F i (02 - 0 )sint - 25 ,0cosot]
- Y _I [({-}3 - w2 151}"?(-15' + ,_?ﬁr_.,{-m‘ﬂ:i-tufl

/[ (_;_ 2¥ 22 2
O »?) 467w
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Solutia ecuatiei neomogene (4)

Notand:
tl_:;{l-] = — -~ {I]G r a"'."'em:
2(‘!-003
U 28 . |
oot =~ =75 2 —[tgosinot + cosut] =
L ({-}; {'".IE] + 452{-}‘
_ Uy 26, cos(wt — o)
L ({-}j {-}‘?]2 + 455(-}3 cosp
Dar:
1 28 0
C{].S[P — S —
VI+Go J({-}j - mf]z : 4ﬁ§tuhz
Deci:
U 1 . %
dpart = '_m—fi}_fj‘{{-}f - Lp_:l

[ 2 2\2 o2 2
({-}G -w?) + 4o m
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Solutia ecuatiei neomogene (5)

Dar:
1 _ bl _ Fi 1
L0? - 0?)+ 45202 [ -f 2 ez 12T 2 V2 Zy
[ ’ ’ ] i‘i '1'3'2| +Hj w? m‘i f_m‘ + R?
LC A | L G
Se obtine:
.::;f = U—mCEJS[mf' 0
part ﬂl)
Lo i (A-8)
Cin
tap =
 PTTR
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Solutia generala

Solutia ecuatiei (A.1) este:
Q{f)= do {;’rﬂart '

Dupa un timp suficient de lung, regimul tranzitoriu descris de q, dispare

(e ™ - 0 pentrut — =) si se instaleaza regimul permanent descris de part- Pentru

solutia stationara nu mai este necesara determinarea constantelor de integrare care
apar in (A.3). Regimul permanent este descris de solutia:

act) = %CDS({.'}f ) (A.9a)
f{f):{?(F):U?mSiﬂ({-}f 0) (A.9b)
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Solutia stationara

q(t) = %E‘Dﬁ‘({:}a" {p)

20
N/
() = qt) = ?Slﬂ({-}f o)
Up(t) = RI() = Hgm sinlot - )
u, (t) = Li(t) = 220 cos(ot - ¢) = X, U—mgm\' of -+~ |
zZ |\ 2
£ U . n
Ue(t) :%_— m’} coslot — )= Xﬂ.?mﬂfrtmf P 53
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Regimul permanent

In toate cele trei cazuri, solutia ecuatiei omogene descrie regimul tranzitoriu si
tinde rapid la zero cand ¢ — «. Practic, dupa un timp suficient de lung, regimul
permanent (de oscilatii fortate ) este descris de solutia (12), in care sursa exterioara
w(t) = U,sinet impune curentului din circuit pulsatia acestuia.

Constantele A si B se determina din conditia ca (12) sa fie solutie a ecuatiei
neomogene (17); intensitatea curentului din circuit este de forma:

U

i(t) = o = sinlot £ o) (13)
i
JE”? +‘ Ly - i
an
Sall.
i(t) = I_sin(wt+o) (14)
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Impedanta

i(t) = I_sin(ot+ o)
in care:
1

Loy - —

o = arctg —2

este defazajul dintre curent si tensiune.

Marimea:

2
—Yn _ ﬁ‘?-f-‘i{}‘ !
! ! Co |

este impedanta circuitului RLC serie.

m
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Impedanta, rezonanta

Se observa ca atunci cand frecventa sursei devine egala cu frecventa proprie a
circuitului:

I
e (17)
? 2nfLC
curentul are valoarea maxima:
U
I, =— (18)

In acest caz circuitul RLC este in regim_de rezonanta cu sursa exterioara.
Transferul de energie de la sursa la circuit este maxim.
La rezonanta,

1
Loy, = 19
? G:‘J'ﬂ ( )
impedanta circuitului fiind:
Z,=R (20)

iar defazajul dintre curent si tensiune se anuleaza.
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Factor de calitate

Curentul scade la 1_ /42 pentru doud frecvente vy, v,.
Rezonanta este cu atat mai pronuntata cu cat difernta Av=v, -v, este mai

mica. Marimea care descrie caracterul mai mult sau mai putin pronuntat al rezonantei
se numeste factor de calitate, Q, exprimat prin relatia:

AV _vyv, 1 (21)

V V Q
Q este si factor de supratensiune, fiind egal cu raportul dintre tensiunea pe
elementele reactive si tensiunea totala in circuit, la rezonanta:

U, U, 1L
0= \ - \ = ’ 22
ul..  Ul. ~RYC (22)
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Metoda numerelor complexe

Analiza comportarii circuitelor in regim cvasistationar alternativ cu
ajutorul numerelor complexe

O metoda des utilizata in analiza circuitelor aflate in regim stationar (dupa
atenuarea regimului tranzitoriu) este cea a numerelor complexe. Aceasta metoda se
bazeaza pe ideea cautarii solutiilor de tip armonic ale ecuatiei circuitului:

. ar q :
Ri +[—+ -1 = ylt). 5]
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Importanta solutiel armonice

Solutia gasita are nu numai importanta oricarei solutii particulare a ecuatiei
circuitului. In conditiile in care orice solutie se poate dezvolta in serie Fourier (se poate
exprima ca o superpozitie de solutii de tip armonic) este important sa cunoastem modul
in care se comporta circuitul cand este excitat cu un semnal perfect armonic.

Se stie ca marimile armonice se pot exprima in forma complexa. Utilizand
aceasta forma de exprimare trebuie sa intelegem care este esenta acestui mod de
lucru. Marimile fizice cu care operam, curentul electric, sarcina electrica, tensiunea, etc.,
sunt marimi reale. Pentru a obtine aceste marimi reale, in conditiile in care in (6"
lucram cu marimi complexe, trebuie sa calculam din solutia complexa rezultata fie
partea reala a tuturor marimilor fie cea imaginara. Atat partea reala a solutiei complexe
cat si cea imaginara sunt solutii ale ecuatiei (6').
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Metoda numerelor complexe

Sa consideram, de exemplu,

ﬂ = Jn/
P Jol
P 1 "
= |idt =|—1|/
q \ __.,lliljj.-|-

unde U, si I, reprezinta amplitudinile complexe ale tensiunii respectiv curentului, si
care se pot exprima sub forma complexa:

Uy = U, expl(fo,)
Si respectiv,

I =1_expljo,).
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Impedanta complexa

De cele mai multe ori, in practica se utilizeaza nu marimile maxime ci cele

efective (rezultate prin impdrtirea la 72) notate f&rd indicele "m
Inlocuind in (6') aceste expresii si divizand prin exp(Jji» ¢ Jobtinem:

_lﬁlju)£|—|—

Se introduce marimea numita impedanta complexa prin relatia:
U U

==L

I, I’
care pentru circuitul RLC serie are expresia:

Z=|R+ ol +——
\ Jol
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Reactantele complexe

, ’ \2
R ||m£ —|

Z=NZ*Z -
-“ \ (I}IC‘;.I

unde cu Z¢ am notat conjugata complexa a impedantei. Faza impedantei complexe da

chiar defazajul intre tensiune si curent.

Daca aplicam aceeasi metodologie in cazurile particulare in care circuitul are doar
rezistor, inductanta sau capacitor, obtinem impedantele complexe ale acestor elemente
de circuit (numite rezistenta, reactanta inductiva si respectiv, reactanta capacitiva):

Z,=R,
Z, =X, = jol,
1
Z.o=X.=——,
£ £ wc
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Probleme

: 2.1 Realizati un program in MAPLE prin care s3 explicati modul in care se calculeaz
: puterea in circuitele de curent alternativ. Explicati notiunile de putere instantanee,
: activa, reactiva si aparenta.

: 2.2 Analizati modul in care se comporta un circuit cand este alimentat de la o sursa care

furnizeaza o tensiune electromotoare u(¢) = U, [sinfw¢)] .
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Puterea in circuite AC

Z1=U

Lol

i =1,sin(ot)
/G u, =I,Rsin(wt)

u, =l,wLsin(wt+7/2)

RI

ue =1,/ (wC)sin(wt —7/2)
[,=U,/Z
Z:\/R2+(a)L—1/(a)C))2
u=1,Zsin(wt+p)

wL—-1/(aC)
R

tan @ =
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Puterea instantanee

i =1,sin(at)
%f:QRﬁn@m)

u, =I,wLsin(wt+7/2)

u. =1,/ (oC)sin(wt —7/2)
[,=U,/72
u=1,Zsin(wt+@)

Pp =Upi=RI’ sinz(a)t)

p=ul
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Regim lent variabll

* Circuite in curent alternativ

— Metoda analitica
— Metoda fazoriala
— Metoda numerelor complexe
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Metoda analitica “ o ﬁ

U, = U, =R/
ai
<uL=uBD=e=LE
uC=uDE=£=ij/dt
c C
. / . (
R/+Ld +q=UmSIn(ot 25 =K
at C |
3y . U 2 1
2q = ZM g O, = ——
qg+25,d+w.,q I Sinwf Yo T C
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s X Loo———
Metoda analitica - Co
R
U, _ 2 1Y’
Q(t):—[ZJ—ZCOS(a)t—go) Z=ﬂ— \/R +(L(D-aj

i(=4=""sin (0t -p)

u, (t)=Ri(t)= R[ij sin (a)t — gp)

.. L U
u, (t):Lq(t): a)Z[Jm CcOS (C()t - (0) :XL 7111 sin| ot — @+ %)

q) _ U,
C

U .
uc (= cos(wt—@)=X.—2sin| ot—@——
c(t) C o7 ( §0) c ) 2)
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Rezolvarea ecuatiei diferentiale

oo
0,000

S0

S

o T DS 0.0 0.015 0.0

S 05] \/ 0 0.005 0 0045 0o
00004 =05
Q0001

000044

R=10 Q R=40 Q
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Z1=U

Metoda fazoriala

Lol

i =1,sin(ot)
/G u, =I,Rsin(wt)

u, =l,wLsin(wt+7/2)

RI

ue =1,/ (wC)sin(wt —7/2)
[,=U,/Z
Z:\/R2+(a)L—1/(a)C))2
u=1,Zsin(wt+p)

wL—-1/(aC)
R

tan @ =
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Metoda numerelor complexe

u(t)=u=U, exp(jor) f,{m oL+ — j:U
i=i=1,exp(jor) T Jo T
di U, U
E—]O)l z: [— = [

prof.dr. Alexandru STANCU 2009
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Aplicati

Circuitul RLC paralel

Puterea in circuite de curent alternativ
Rezonanta RLC serie

Transmisia energiei electrice
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Regimul tranzitoriu

* RL
» RC
* RLC ...
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RL

A B
o Ut o

Ri+Lﬂ=Uo
dt
i(t=0)=0
U Rt
(1) =—"+kexp| —
(== p( Lj
t:O,i:O:k:—ﬂ
R
U,| Rt

l—exp(

prof.dr. Alexandru STANCU 2009

L

J

355



RL

di

Ri+L—=0
dt
i(t=0)=1
Rt
(t)=kexp| ——
i(?) p( Lj

t=0,i=1=k=1

i(t) = Iexp(—%)

prof.dr. Alexandru STANCU 2009
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RC

@)

0 o

mY

Ri+i:U0;i=ﬁ
C dt

q(t=0)=0
¢()=CU, + kexp(—éj

t=0,g=0=k=-CU,

g(t) = CU, {1 _ exp(—RtCﬂ

i(1) = %exp(—Ricj
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RLC regim tranzitoriu

» Solutie analitica
» Solutie numerica
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Curentul de deplasare (1)

ooP T,
HO9F 4 LooP T, '-f:
- 2=l (RO DO E .
S b ,
= by E| .-".-.
| x ¢
e g 5
1.\‘ &&&&& - B rd
gl ° _'.:l:l: ::Tf 17,
*a [ e . ™E EIH
I
[a) I' {B)

Fig. 18=2. The magnatic field near o charging capacitor,

OCurentul de deplasare
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Curentul de deplasare

E =—=D,=¢E, =0
E +o
: T
D=c
]d_a_Q:SG_U:Sa_D:jd:a_D

ot ot ot ot
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Curentul de deplasare (2)

(th.Ampere)rot H = | = div(rot FI) =div =0

(ec.continuitate)Ci’—gt2 = %(Ipdv) = J.(Z—'[;dv = —j] .dS :—Idiv jdv=divj = —%—'[;
Q b Q

div(rotﬁ):divj+%—'[;=0

divD = p = div(rot ﬁ) =div ] + ad(;:D = div{]’ +aﬁft)j =

—

-~ - 0D
rotH:j+a—
Ot
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Ecuatiile lui Maxwell

e ~ B a —
rotH = j 4
AP
X VOIE = o8
ot
divB =0
\divﬁ =P
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Table 18-1 Classical Physics

Moxwaell's eguations
L V- E=t
i

a8
A - -
n x E &

. ¥-F =10

W, e xp - A

Comarvotion of charge

ap
vl e —
'j o

Farca low

F=glE+ v X H

Law of mation

:%. (p) = F, where p= ——

Gravitation

F= -0

I3

oF
ot

(Flux of E through a closed surface) = (Charge inside)/ e
{Line integral of E around a loop) = — —:{Hm; of B through the loop)
{Fhux of B through a closed surface) = 0

-L'Eﬂntl.'-ﬂl'ﬂ.] of B around a loop) = (Current through the loop)/ e

+..:|_..- {Fluxof E through the loop)

(Flux of current throwgh a closed surface) = — % (Charge inside)

e

e — (Mewton's law, with Einstein's modificaton)
Vi1 = pEeE




Solutia sistemului ec. Maxwell

necunoscute... E,D,H, B 7 ,0(16 necunoscute)

D=c¢E ( . D
. ~ rotH = j +—
B=uH Ot
] — 7/E‘ ) VOIE _ _Z_B Nu sunt independente
Relatii constitutive _ !
(de material) divB =0
\divﬁ =p
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rdiv(mtﬁ) = div(

Alte ecuatii ...

oD

ot
OB
ot

) div(mtE) =—div— =
divB =0
divD = p
l = = 1= =
w=—FE-D+—B-H
2 2

- -~ 0
L z0=dii+ 2
/ j W ot
0 (, =\_
—a(leB) = O

divD =

0

Ot

(divﬁ — p) =0

Densitatea de energie a campului

electromagnetic
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Energia campului electromagnetic

P:jf-Edv

rotH = ]+—:>P j(th——] Edv

—

— —

. . . L . 0B - -
div(ExH)zH-rot —E-rotHz—H-@——E-rotH

ot
p:_g %(E-EJFI?-E)dv—j(Exﬁ)-d&:
P:—a—W—jﬁ-d6:>a—W:—P—f§-d5
Ot Ot
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Vectorul Poynting S

o ¢l

P=-_ 5(D-E+ﬁ-§)dv—j(ﬁxﬁ)-d6:
P:—a—W—jS’od5:a—W=—P—j§-d6

Ot Ot
§=(Exﬁ)
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Ec. Maxwell

necunoscute... E , 13, H , Z§, , p(16 necunoscute)
D=¢E (3ec.)
B=uH (3ec.)
j=y E (3ec.)
ow =
—=—-P—|S-do

ot

= 0
divj=-2L
ot

Ecuatiile lui Maxwell
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Ecuatiile Maxwell —
conditiile de trecere (la limita)

E2t _Elt =0
D2n _Dln =0
H2t _Hlt :is
B2n _Bln :O

prof.dr. Alexandru STANCU 2009 369



Transmisia energiel

=
o G| E,
E =L
/4 LR H
) ¢
J7r \74\>/
H¢: S e
27Tr r
. 5
P=8§2rrL = Jj jmr 2nrLl = ]— oL =2_v
/4 2rcr 4 14
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Ecuatia undelor

roté— ?+g 8_E
HyJ T Eo b ot
- - 8E
rot rotA = i, j + &y —
Ot
rotﬁz—a—B :>r0tE=—ar0tA = rot E+8—A =0
Ot Ot ot
. 04 . A
E—l—a—:—gde:E:—gde—&—
Ot Ot
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Conditia de etalonare

- - aE
rot rotA = U, j + &y lly —
ot
E :—gde—&—A
ot
= grad div A— A4 :yoj+goyog —gradV—a—A
ot ot
F 0’4 . - oV
AA— &, 14, F =—u,j + grad (dzv A+ u, E]
div A+ €, 41, (Z—V =0 (Lorentz)
[

|
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Ecuatia undelor pentru V si A

2 -
- a A —
AAd =&y tty —— = —HyJ
Ot
divE =F E:—gde—@—A
&, Ot
div(—gde—aAj a
ot | &,
Ay =Y _ P A ey Y =0
ot &, ot
oV p
=>AV -, —=——
okl PYE £
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Ec. Undelor pentru E,H

(

-~ 0D
rotH = ]+8_

Ot
OB

3 rotk = ——
ot

divB =0
\a’ivﬁ =p

j=0
p=0

rotB = Eoly —

—Jrotk =——

OF
8t
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Calcul (1)

r

( —

_ E ~ ~
rot rotB = gy p, &fi grad divB—AB = g1, M
ot ot
DO C
rot rotE = — orotB grad divE — AE = — OrotB
‘ o k ot
B [ 0B
at ] AB o gOlLlO atz — O
=9 -
= o
a—E AE —&gypty—— =0
Ot g Ot
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Solutia ecuatiei undelor (2D)

=0
. o X\
—4lf Tl
v Ox v v
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Solutia armonica (3D)

B=B

OF _

— = jok

o’

I -
oF, _ —jk E...=VE_ =—jkE.
ox
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Solutia armonica 3D

2—'(0

Ot /

V=—jk=>A=V.-V=-k

[ oF [ - OF

rotBZEO,uOE VXB:EOIUOE —ijE:EOﬂoja)E

<I’0tE:—8—B :><V><E=—@—B :><_JI_C.XF:_JCOB
} ot } ot —jk-B=0

divB =0 V-B=0 —jk-E=0

\divE =0 V-E=0
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Continuare ...

0

—jk % B =&,y joF| B=E-B

—_—
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Oscilatorul lui Hertz

p(t) )
p(t)=p,sinwt = p;sinwt k
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E, - P, cost ) 3
47e, R;
. sin{a)(t—RPﬂ
E, - p, sinf 3 v J{
4re, R;
E =0
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o5
I

wp,
T

sin @
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Campul aproape de sursa

! |: ( RP j}_
sin| w| t——
E, = p, coso ) 3 1%
4re, R;
_ AT
. sin{w[f—})ﬂ
g, - D, sin@ 3 1%
dre, R;
E,=0
L
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E,=0

E, - D, sind
4re,

E =0

Zona undelor

B, =0
. R\
, sm{a)(z‘—’)ﬂ
! 1B, =0
R, ’
_H :
B, —Ea)po sin @
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(D

Puterea e
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S, = 2
Hy
_ , Sin a)(t—RPj
P, sin @ ((oj Vv
EH = _| =
4re, v R,
sin{a)(t-RP ﬂ
Hy . () %
B =" wp, sinf@| —| —
¢ Po (vj R,
) ( i R N 2
01 3 sin{w(z—”ﬂ
s, =20 @p, sin@(gj 3 VL
4rs, 4rn v R,

T 2 4 /4
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Puterea medie radiata (r)- pg”:

- 127g,v

- Radiatia curentilor alternativi de joasa frecventa este mica.

« Lumina solara care strabate atmosfera este difuzata de moleculele de
aer care pot fi asimilate cu niste oscilatori elementari. Sub actiunea
undelor, oscilatorii efectueaza oscilatii fortate (departe de rezonanta,
deci cu amplitudinea independenta de frecventa undei incidente).
Intensitatea radiatiei luminii difuzate este proportionala cu frecventa (la
puterea a patra). Deci, puterea radiata prin unda cu frecventa mai mare
(culoarea albastra) este mult mai mare decat cea corespunzatoare
luminii rosii. Cerul are culoarea albastra din acest motiv.

* Domeniul de frecventa a undelor electromagnetice.
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